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Abstract 

Coarse and fine aggregates make up approximately 75 percent of the volume of concrete 

with the remaining volume made of cementitious paste.  Cementitious paste is comprised of 

cementitious materials, water, air, and admixtures.  AASHTO M 43 “Standard Specification for 

Sizes of Aggregate for Road and Bridge Construction” addresses aggregate particle size 

distribution of material included in various maximum nominal size aggregates.  This particle size 

distribution requires screening, separating, and recombining to meet AASHTO M 43 or the 

Mississippi Department of Transportation’s (MDOT) particle size distribution requirements.  

Specifiers of national standards have utilized additional requirements on aggregates by placing 

upper and lower limits on combined percent retained on individual sieve sizes.  MDOT has 

recently utilized this concept by introducing similar requirements on aggregates used in concrete 

for bridge decks for use on a limited number of projects to ascertain the value of requiring these 

limits.  Concrete producers have found that using some aggregate sources to meet these 

requirements may be economically easier to use than other aggregate sources.  If these 

requirements for aggregate gradations are implemented in construction projects state-wide, there 

should be documented benefits associated with having strict control over aggregate particle size 

distribution.  These benefits may include higher strength, lower length change (reduced 

shrinkage and shrinkage cracks), or provide enhancements to placing and finishing operations.  

However, the benefit of most interest is increased durability at decreased initial and maintenance 

costs.  To our knowledge, no laboratory data has been generated to document these benefits as a 

function of particle size distribution  of Mississippi gravel aggregates. 

The purpose of this research was to explore aggregate gradations that are outside the 

limits of MDOT Class BD concrete and determine additional gradations that may be used to 

produce sufficiently workable, low shrinkage concrete made with Mississippi gravel.  Thirty 

mixes were developed for this study to evaluate compressive strength, length change (expansion 

and shrinkage), and workability.  Data generated in this study can be used by engineers to 

determine criticality of aggregate particle size distribution in producing durable bridge deck 

concrete. 
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Chapter 1 – Introduction 

Background 
Reinforced concrete is commonly used in the design and construction of highway 

bridges.  Durable concrete is critical for bridges to provide long service life and low maintenance 

costs.  It is essential that high quality materials be used in concrete to meet these demands.  Each 

ingredient must meet requirements established in construction material standards provided by the 

American Association of State Highway and Transportation Officials (AASHTO) or the 

American Society for Testing and Materials (ASTM) in an attempt to achieve high quality 

concrete.  These materials must be proportioned to produce durable concrete.  Low shrinkage is 

an important characteristic that can enhance durability of concrete structures.  Aggregate 

properties must receive careful consideration when durable concrete is the goal.  The purpose of 

this study was to explore aggregate gradations that are outside the limits of MDOT Class BD 

concrete and determine additional gradations that may be used to produce sufficiently workable, 

low shrinkage concrete. 

Concrete is a composite material consisting of aggregates, cementitious materials, water, 

air, and admixtures.  Concrete can be divided into two major components including aggregates 

and cementitious paste.  The aggregate portion is comprised of various aggregate sizes through 

blending fine and coarse aggregates.  Fine aggregates generally range in size from the smallest 

grain up to 3/8 in. (1).  Fine aggregates occur naturally or may be manufactured during the 

production of crushed coarse aggregate.  Coarse aggregates contain particles retained on the No. 

16 sieve and up to 1 in. size or larger (1).  Coarse aggregates can be gravel or crushed stone.  

Round uncrushed gravel with sizes up to 1 in. are abundant in Mississippi.  Natural sands are 

also abundant making gravel aggregate concrete with natural sand common in Mississippi.  

Aggregates make up 60% to 75% of the total volume of concrete (1).  The remaining 25% to 

40% of the volume of concrete is void space in aggregates developed by the irregular shape of 

individual particles.  This void space must be filled with cementitious paste.  

Concrete experiences volume changes in both its plastic state and hardened state.  These 

volumetric changes are relatively small compared to the entire volume of concrete and primarily 

occur in the cementitious paste portion of the mixture as shrinkage.  This shrinkage occurs as a 

result of chemical shrinkage, autogenous shrinkage, settlement, and plastic shrinkage.  
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Chemical shrinkage is a reduction in absolute volume of solids and liquids in cement 

paste that result from cementitious materials reacting with water.  Portland cement and water 

occupy more volume in their individual state than when they are chemically combined (1).  

Consequently, as concrete sets and gains strength during hydration its volume shrinks.  

Autogenous shrinkage occurs as water in the pores of the cementitious paste is consumed 

by hydration.  This phenomenon is also known as self-desiccation (2).  This shrinkage is much 

less than the absolute volume changes of chemical shrinkage (1).  It is more prominent in 

concrete with high cementitious contents and low water contents having a water to cement ratio 

less than 0.42 (2).  This additional consumption of water by hydration causes less volume and 

shrinkage in the cementitious paste.  The water cement ratio (w/c) used in this study was 0.45 

except for Mix 30 which used a w/c ratio of 0.473.  Therefore, autogenous shrinkage was 

minimized in this study because of the w/c ratio. 

Settlement also contributes to volume shrinkage.  Settlement occurs as heavier solids in 

concrete mixtures settle and water rises.  This water either evaporates or is otherwise removed 

from the concrete mixture causing a reduction in the volume of concrete.  This reduction of 

water causes shrinkage in the overall volume of concrete. 

Plastic shrinkage is a combination of chemical shrinkage, autogenous shrinkage, and 

rapid evaporation while the concrete is still in a plastic state.  Plastic shrinkage is often attributed 

to surface cracking that can occur during final finishing operations.  Plastic shrinkage was not 

considered in this study because rapid evaporation was prevented by using a moist room, water 

curing tank, and/or liquid membrane. 

Hardened concrete also experiences volume changes and may be in the form of 

expansion and shrinkage with changes in moisture and temperature.  When external water is 

available to replace water that is consumed by chemical shrinkage, expansion occurs.  

Additionally, expansion will occur when the moisture content in hardened concrete is increased 

by wetting.  While concrete expands and contracts with changes in temperature and moisture, the 

overall tendency of concrete is to shrink.  As hardened concrete dries due to the relative humidity 

of air being lower than the relative humidity of the concrete, drying shrinkage occurs.  Drying 

shrinkage is documented in this study. 

When shrinkage of concrete is restrained, shrinkage cracks can occur.  Concrete 

shrinkage is restrained by supporting subgrade/subbase materials or from reinforcing steel and 
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other structural elements.  A combination of shrinkage of concrete materials and restraint is the 

mechanism that produces cracking.  This restraint of shrinkage causes cracks to form as 

restrained shrinkage stresses exceed the strength of the concrete.  Reinforcing steel is designed to 

resist tensile stresses in the concrete that are induced by imposed loads.  It is also designed to 

hold faces of shrinkage cracks together.  These shrinkage cracks are expected and included in the 

design of reinforcing steel.  Even though shrinkage cracks are considered in reinforced concrete 

design, they should be minimized.  These cracks provide channels for water and chloride ions to 

get to and corrode the reinforcing steel.  They also provide openings for sulfates and other 

chemicals that can cause deterioration of the concrete. 

Low cracking is a characteristic critical to durable concrete bridge decks.  Bridge decks 

that exhibit minimal cracking will produce bridge decks with the longest service life and lowest 

maintenance costs.  Specifications for concrete materials used in bridge decks must incorporate 

strategies to provide durability.  MDOT has developed Class BD concrete for concrete bridge 

decks with a focus on durability.  Class BD concrete addresses both concrete materials and 

construction procedures critical for durable concrete. 

Aggregate gradation optimization is utilized in MDOT Class BD concrete.  Reported 

benefits associated with aggregate gradation optimization include less cementitious paste 

required for a given slump, less shrinkage, greater strengths, adequate pumpability, and enhanced 

finishability (3).  One goal for using aggregate gradation optimization is to fill voids in concrete 

with aggregate particles in lieu of cementitious paste.  For a constant paste volume, this provides 

more cementitious paste for workability if it is not used for filling voids.   

Selecting an aggregate gradation is a key part of the concrete mixture design process.  

The goal of achieving the ideal gradation in a concrete mixture is to create a mixture that meets 

all requirements for strength, durability, workability, segregation resistance, and shrinkage crack 

resistance.  Practically, the goal of gradation optimization is to fill voids in the concrete matrix 

with aggregate instead of cement paste without sacrificing performance of the concrete.  Ideally, 

the majority of the cementitious paste is utilized for workability of the mixture and bonding the 

aggregate together, not for filling voids. 

Improved workability can result in increased durability which equates to lower life cycle 

cost of the concrete.  Workability is affected by the interference of aggregate particles with each 

other.  Good workability is achieved in part by spacing the aggregate particles apart with 



  4

cementitious paste so that they do not interfere with each other (1).  The quantity of water 

required to make a concrete mixture workable is dependent in part upon the surface area of the 

aggregate.  The surface area is dependent upon the aggregate grading.  Increased fine contents 

produce an increased in total surface area which requires more water to provide adequate 

workability.  Thus, increased fine contents increase the water in a given concrete mixture which 

potentially increases the shrinkage and cracking potential. 

There have been many attempts at guidelines for ideal gradations that address the 

aforementioned requirements for strength, durability, workability, segregation resistance, and 

shrinkage crack resistance.  Two of the most popular guidelines include the “8-18 rule” and the 

Coarseness Factor Chart. 

It was reported in the Concrete Construction that “A flippant comment Shilstone made at 

a 1990 meeting of ACI Committee 301, Specifications, resulted in what has come to be known as 

Shilstone’s 18-8 rule” (4).  The result of this comment was an industry accepted guide that the 

amount of aggregate retained on any standard sieve, except the coarsest and the finest, should be 

between 8 percent and 18 percent.  Note: The “8-18” rule is actually “8-22” when using smaller 

maximum nominal size aggregates such as ¾ in. or 1 in.  Shilstone never intended for this to be 

used as a specification, but says that this and thousands of other aggregate particle distributions 

can be used to create excellent concrete (4).  The influence of the 8-18 rule can be seen in Table 

1 which presents the combined percent of material retained on individual sieves used by ACI (5), 

KDOT (6), and MDOT (7) for maximum size aggregate up to 1 in. 

 

Table 1 - Combined Percent Retained on Individual Sieves - ACI, KDOT, MDOT 

 Combined Percent Retained on Individual Sieves 

 1-1/2 in. 1 in. ¾ in. ½ in. 3/8 in. No. 
4 

No. 
8 

No. 
16 

No. 
30 

No. 
50 

No. 
100 

No. 
200 Pan 

ACI NA 0-4 8-22 8-22 8-22 8-22 8-22 8-22 8-15 8-15 1.5-5 NA NA 

KDOT 0 2-6 5-18 8-18 8-18 8-18 8-18 8-18 8-15 5-15 0-5 NA 0-2.5 

MDOT 0 2-6 5-22 8-22 8-22 8-22 8-22 8-18 8-15 5-18 0-6 0-5 0-2 
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ACI 302 “Guide for Concrete Floor and Slab Construction” provides for deviations from 

the 8-18 rule when there are limitations in locally available material. ACI 302 states “the 

following limitations should always be imposed:”. (5) 

1. Do not permit the percent retained on two adjacent sieve sizes to fall below 5%; 

2. Do not allow the percent retained on three adjacent sieve sizes to fall below 8%; and 

3. When the percent retained on each of two adjacent sieve sizes is less than 8%, the 

total percent retained on either of these sieves and the adjacent outside sieve should 

be at least 13%. 

The coarseness factor chart consist of two components include coarseness factor (CF) and 

workability factor (WF).  An increase in CF indicates that the overall coarseness of the aggregate 

is increasing due to the gradation of the aggregates.  An increase in WF indicates that the overall 

fineness of the aggregates is increasing due to the gradation of the aggregates.  The CF chart has 

been successfully used to determine aggregate gradations that provide acceptable workability for 

concrete mixtures. 

There are many sources citing the background, interpretation and alteration of the CF 

chart used for finding the ideal aggregate gradation for a concrete mixture.  The original CF 

chart, shown in Figure 1, was developed by Shilstone with the purpose of identifying 

characteristics of a mixture such as: harshness, sandiness, excessive shrinkage, pumpability, 

finishing characteristics, degree of gap-grading, and proneness to segregation (3).  The initial 

chart contained a trend bar.  Concrete mixtures that plot within the trend bar, if created using 

gravel or cubical shaped crushed material, and well-graded natural sand, will require a minimum 

amount of water but may exhibit poor finishability and cannot be pumped (3).   
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Figure 1 - The Original Shilstone Coarseness Factor Chart 

Figure reprinted from (Richardson, 2005) by permission 

 

Revisions of the CF chart added Zones I through V as shown in Figure 2.  These zones 

are described by Richardson in his paper “Aggregates Gradation Optimization-Literature Search” 

as follows (3): 

 

“Zone I coarse, gap-graded , tends to segregate; Zone II well graded 1-1/2 in., best spot 

for everyday mixes, depending on use, Zone III ¾ in. and finer (pea gravel mixes), Zone IV: 

oversanded, sticky, Zone V rocky (may be suitable for mass concrete).  The trend bar is relabeled 

“0” optimum but excellent control required.  Zone II is divided into five areas: II-1 excellent but 

caution, II-2 excellent paving and slipform, II-3 high quality slab, II-4 good general, and II-5 

varies to material and construction needs.” 
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Figure 2 - Revised Shilstone Coarseness Factor Chart 

Figure reprinted from (Richardson, 2005) by permission  

 

 

Most of the validation of the CF chart tends to come from case history experience.  One 

exception is a study by Joel (1990) that varied ASTM C33 fine aggregate and No. 67 coarse 

aggregate between allowable limits (8).  The chart did a “reasonable” job of sorting out which 

mixtures are high in paste and which ones are rocky.  A study by Wilson and Richardson (2001) 

examined the effect of adding intermediate size aggregate to a typical Missouri Department of 

Transportation gap graded mix (9).  The chart correctly predicted the non-cohesive, segregation 

susceptibility of the mixture by its position in Zone II (3). 

Figure 3 provides an example of a coarseness factor chart similar to the one presented in 

ACI 302 superimposed with an ellipse indicating MDOT’s limits for combined aggregate 

gradations. 
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Figure 3 – Modified Coarseness Factor Chart Superimposed  

with MDOT’s AWF/CF Limits 

 

Concrete mixtures proportioned in this study include concepts of coarseness factor (CF), 

workability factor (WF), and adjusted workability factor (AWF).  The adjusted workability 

factor accounts for any excess or deficiency of fines contributed by the cementitious materials in 

the mixture.  ACI 302 defines CF (x-axis) as the percent of the combined aggregate that is 

retained on the No. 8 sieve that is also retained in the 3/8 in.  ACI 302 defines the WF (y-axis) as 



  9

the percent combined aggregate that passes the No. 8 sieve.  MDOT’s “Concrete Field Manual” 

contains Equation 1 for CF, Equation 2 for WF, and Equation 3 for AWF (10). 
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MDOT additionally provides upper and lower limits on the CF and AWF. See equations 

4 through 7 for MDOT limits for CF and AWF (7). 
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MDOT engineers desire concrete used in bridge deck construction to be durable.  

Durability of concrete is among other things a function of the amount of shrinkage associated 

with specific concrete mixtures.  Specifiers can implement strategies to reduce shrinkage 

cracking by utilizing aggregate gradation optimization.  Little laboratory data was available for 

MDOT engineers to formulate specifications for aggregate gradations using Mississippi gravel 

aggregates.  State Study 231 “Optimizing Mississippi Aggregates for Concrete Bridge Decks” 

documents workability, shrinkage, and compressive strength characteristics of concrete made 

with twenty-nine unique aggregate gradations using Mississippi gravel aggregates.   



  10

Objective 

There were two objectives associated with this study.  One objective was to determine 

aggregate gradation(s) that provide increased slump when compared to control mixtures having 

their CF and AWF plot within MDOT’s elliptical limits on the modified CF chart.  The increased 

slump produced by reduced aggregate particle interference allows the concrete mixture designer 

to decrease the amount of cementitious materials and water in the mixture while maintaining the 

same water w/c ratio and acceptable workability.  The second objective was to determined 

aggregate gradations that produce the least amount of void space between aggregate particles.  

Reducing cementitious paste in concrete by reducing water or reducing voids may result in less 

shrinkage and cracking in concrete. 

 

Approach 

Twenty-nine concrete mixtures were developed with specific combined aggregate 

gradations to explore all applicable areas of the modified CF chart.  Mixtures with a combined 

aggregate gradation plotting within MDOT’s elliptical limits on the modified CF chart and 

individual sieve limits were considered to be the control mixtures.  Control mixtures were 

designed with combined aggregate gradations that placed CF, AWF, and individual sieve limits 

of these mixtures within MDOT’s elliptical limits on the modified CF chart presented in Figure 

3.   

Mixtures in this study were proportioned to produce a 3 in. ± ½ in. slump without 

chemical admixtures or supplemental cementitious materials (SCM’s).  Aggregates were oven 

dried and separated into individual size fractions to meet combined gradations needed for this 

study. 

Aggregate gradations were developed to produce coarseness and workability points in all 

areas of the modified CF chart.  As points were developed throughout the chart, slump either 

increased or decreased indicating that the aggregate gradation was either increasing workability 

(increasing slump) or decreasing workability (decreasing slump).  As slump increased, water and 

portland cement were reduced to maintain a 3 in. ±½ in. slump.  As slump decreased, water and 

portland cement were added to maintain a 3 in. ±½ in. slump.  

 Testing was also performed on the hardened concrete to determine the influence of CF 

and AWF on compressive strength and length change.  The test method used to determine 
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compressive strength was AASHTO T 22 / ASTM C 39 “Standard Test method for Compressive 

Strength of Cylindrical Concrete Specimens.”  The test method used to measure length change 

was AASHTO T 160 / ASTM C 157 “Standard Test Method for Length Change of Hardened 

Hydraulic-Cement Mortar and Concrete.”  These tests were conducted on each of the mixtures. 

Length change according to AASHTO T 160 / ASTM C 157 uses a comparator accurate 

to the nearest 0.0001 in. to measure the length change of 4 in. by 4 in. by 11 ¼ in. long concrete 

prism specimens compared to a standard reference steel bar.  Length change measurements 

extended over a 476 day period including 28 days of soaking and 448 days of drying for each 

specimen.  Expansion occurred while specimens remained in a water bath for the first 28 days.  

The specimens were then placed in a temperature and humidity controlled room after the first 28 

days where shrinkage began.  Specimens remained in this room until testing was completed.  

Length change resulting from chemical shrinkage, autogenous shrinkage, and drying shrinkage 

was calculated for each mixture.  Chapter 4 “Laboratory Testing” provides a detailed description 

of test procedures and length change calculations.   

A total of thirty mixtures were tested to provide data for this study.  Table 2 provides a 

general description of each mixture and Figure 4 presents locations of each mixture on the 

modified CF factor chart.  Mixtures located within MDOT’s elliptical limits on the modified CF 

chart and individual sieve limits were selected to serve as benchmarks (i.e., controls) to compare 

the performance of the other mixtures to typical performance.  Data generated in this study were 

used to evaluate the influence of aggregate gradations on workability and paste content. 
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Table 2 – Experimental Mixtures 

Mix No. 
Slump Requirement 

(in.) 
Water Cement 

Ratio 
Coarseness Factor 

(CF) 
Workability Factor 

(WF) 
1 2 ½ to 3 1/2 0.45 64.5 33.1 

2 2 ½ to 3 1/2  0.45  61.0 36.0 

3 2 ½ to 3 1/2  0.45  59.0 35.8 

4 2 ½ to 3 1/2  0.45  58.9 35.7 

5 2 ½ to 3 1/2  0.45  39.2 23.5 

6 2 ½ to 3 1/2  0.45  40.7 46.1 

7 2 ½ to 3 1/2  0.45  80.0 30.0 

8 2 ½ to 3 1/2  0.45  80.0 46.1 

9 2 ½ to 3 1/2  0.45  58.2 23.4 

10 2 ½ to 3 1/2  0.45  58.2 41.5 

11 2 ½ to 3 1/2  0.45  85.0 35.0 

12 2 ½ to 3 1/2  0.45  36.3 37.1 

13 2 ½ to 3 1/2  0.45  72.5 35.0 

14 2 ½ to 3 1/2  0.45  70.0 40.0 

15 2 ½ to 3 1/2  0.45  50.0 40.0 

16 2 ½ to 3 1/2  0.45  70.0 30.0 

17 2 ½ to 3 1/2  0.45  50.0 30.0 

18 2 ½ to 3 1/2  0.45  47.5 35.0 

19 2 ½ to 3 1/2  0.45  70.0 25.0 

20 2 ½ to 3 1/2  0.45  50.0 25.0 

21 2 ½ to 3 1/2  0.45  80.0 40.0 

22 2 ½ to 3 1/2  0.45  40.0 40.0 

23 2 ½ to 3 1/2  0.45  40.0 30.0 

24 2 ½ to 3 1/2  0.45  60.0 40.0 

25 2 ½ to 3 1/2  0.45  60.0 30.0 

26 2 ½ to 3 1/2  0.45  90.0 35.0 

27 2 ½ to 3 1/2  0.45  60.0 45.0 

28 2 ½ to 3 1/2  0.45  90.0 30.0 

291 As Required  0.45  64.5 33.1 

302  As Required  0.47  59.0 35.8 
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Notes:  
1. Mix 29 was a repeat of Mix 1 except it used a different aggregate grading to determine 

the influence of the shape of the combined individual percent retained chart on concrete 
properties. 

2. Mix 30 was a repeat of Mix 3 and used to evaluate the impact of adding 1.5 gallons of 
water per cubic yard of concrete while holding all other proportions constant. 
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Chapter 2 - Materials 
Portland Cement 

Portland cement is hydraulic cement and acts as the primary cementing material in 

portland cement concrete.  Type I portland cement meeting requirements of ASTM C 150 / 

AASHTO M 85 is hydraulic cement made to conform to specific chemical and physical property 

limits according to these specifications.  These specifications provide for eight types of portland 

cement meeting various set time or exposure criteria.  Type I LA (low alkali) portland cement 

was used in this study and is referred to herein as Type I.  Only one source of Type I cement was 

used in this study. 

Chemical and physical properties of the Type I portland cement used in this study were 

provided by the supplier and are presented in Table 3.  The cement is from a source that is 

approved for use on MDOT projects. 

 

Aggregates 

The fine and coarse aggregate used in this study came from the same aggregate source.  

Multiple tests were performed on separate samples to determine sieve analysis, gravities, and 

absorption.  The average results of the aggregate testing are presented in Table 4.  The 

aggregates are from a source that is approved for use on MDOT projects. 

All aggregates used in this study were oven dried for processing and batching the 

concrete mixtures.  The aggregates were introduced to sieves of progressively smaller size in 

such quantities as to guard against overloading any individual sieve.  Once reduced to individual 

size fractions, aggregates were stored in sealed buckets until they were introduced in the concrete 

mixtures.  Sieving the aggregates down to individual size fractions facilitated mixing the 

aggregates into the required combinations of combined individual percent retained quantities. 
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Table 3 - Chemical and Physical Properties of Portland Cement Used in this Study 

Chemical Properties Results 
Silicon Dioxide (SiO2), % 19.6 
Aluminum Oxide (Al2O3), % 5.5 
Ferric Oxide (Fe2O3), % 3.0 
Calcium Oxide (CaO), % 64.5 
Magnesium Oxide (MgO), % 0.8 
Sulfur Trioxide (SO3), % 3.4 
Loss of Ignition (LOI), % 2.3 
Insoluble Residue, % 0.20 
Free Lime, % 1.22 
Alkalies (Na2O equivalent), % 0.54 
Carbon Dioxide (CO2), % 1.1 
Limestone, % 2.6 
CaCO3 in limestone, % 96 
Tricalcium Silicate (C3S), % 57 
Dicalcium Silicate (C2S), % 13 
Tricalcium Aluminate (C3A), % 9 
Tetracalcium Aluminoferrite (C4AF), % 9 

Physical Properties Results 
Blaine Fineness, m2/kg 382 
325 Mesh (% passing) 92.0 
Time of setting (Vicat) Initial Set, minutes 85 
Time of setting (Vicat) Final Set, minutes 185 
Time of Setting (Gillmore) Initial Set, minutes 140 
Time of Setting (Gillmore) Final Set, minutes 235 
Air Content, % 6.9 
False Set, % 83 
Normal Consistency, % 24.2 
Autoclave Expansion, % 0.06 
Expansion in Water, % 0.006 
Compressive Strength, 1 day (psi) 2,610 
Compressive Strength, 3 day (psi) 4,330 
Compressive Strength, 7 day (psi) 5,220 
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Table 4 - Average Aggregate Properties 

Sieve Size 
No.57 No. 8 Sand 

Individual 
% Retained 

Total  
% Passing 

Individual  
% Retained 

Total  
% Passing 

Individual 
% Retained 

Total  
% Passing 

1” 8.1 91.9 0.0 100.0 0.0 100.0 
¾” 17.8 74.1 0.0 100.0 0.0 100.0 
½” 26.7 47.4 0.0 100.0 0.0 100.0 
3/8” 14.6 32.8 9.0 91.0 0.0 100.0 
No. 4 28.8 4.0 79.1 11.9 1.3 98.7 
No. 8 3.3 0.7 10.8 1.1 7.4 91.3 
No. 16 0.3 0.5 0.4 0.7 8.8 82.5 
No. 30 0.1 0.4 0.2 0.5 21.0 61.5 
No. 50 0.1 0.2 0.2 0.2 48.3 13.3 
No. 100 0.1 0.1 0.2 0.1 13.0 0.3 
No. 200 0.0 0.5 0.0 0.5 0.2 0.5 
FM 6.87 5.95 2.52 
Bulk Gravity (DRY) 2.477 2.488 2.628 
Bulk Gravity (SSD) 2.532 2.543 2.635 
Absorption % 2.202 2.204 0.260 
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Chapter 3 – Mixtures 
 

The influence of aggregate gradation on concrete’s workability, compressive strength and 

length change is described herein based on laboratory test results and experience gained during 

production of thirty concrete mixtures.  Mixes 1 through 28 were developed to produce a slump 

of 2 ½ to 3 ½ inches and a w/c of 0.45.  The combined aggregate gradations and paste contents 

of these mixtures were adjusted as needed to explore all zones of the modified CF chart.  Mix 29 

was a repeat of Mix 1 using a different aggregate grading to determine the influence of the shape 

of the combined individual percent retained chart.  Mix 30 was developed to evaluate the impact 

of adding 1 ½ gallons of water per cubic yard of concrete to a mixture while holding all other 

proportions constant. 

 

Blending of Aggregates 

The approach was to give each mixture a unique combined aggregate grading that when 

evaluated, in terms of CF and AWF, would be a fair representation of all zones of a modified CF 

chart.  The aggregate proportions for the mixtures were derived in one of two ways; 1) natural 

aggregate blending, driven by each material’s sieve analysis, or 2) manufactured blending, 

driven by the desired coarseness and workability targets.  Table 5 presents descriptions of each 

mixture in terms of CF, WF, AWF, and method of blending. 

Natural Blend Mixtures. 

Natural blend mixtures used aggregate gradations as produced from the aggregate 

supplier.  Blending these coarse and fine aggregates was all that was necessary to achieve the 

desired combined aggregate gradation.  However, individual size fractions of the aggregates 

were separated to ensure precise proportioning.  Eight of the studied mixtures are referred to as 

natural blends.  These include mix numbers 1, 3, 5, 6, 9, 10, 12, and 30.   

Manufactured Blend Mixtures. 

The remaining twenty-two mixtures are referred to as manufactured blends.  The 

aggregates in these mixtures were combined at the individual sieve retained level to achieve a 

predetermined final combined aggregate gradation.  No. 57 gravel was used for the coarse sieve 

quantities, sand for the fine sieve quantities, and pea gravel for the No. 4 and No. 8 sieve 

quantities. 



  18

Table 5 – Experimental Mixtures – CF, WF, AWF, Blend 

Mix No. Coarseness Factor 
(CF) 

Workability Factor 
(WF) 

Adjusted Workability 
Factor (AWF) 

Blend 

1 64.5 33.1 32.1 Natural Blend 

2 61.0 36.0 35.0 Manufactured Blend 

3 59.0 35.8 34.8 Natural Blend 

4 58.9 35.7 34.7 Manufactured Blend 

5 39.2 23.5 22.5 Natural Blend 

6 40.7 46.1 46.5 Natural Blend 

7 80.0 30.0 27.9 Manufactured Blend 

8 80.0 46.1 46.5 Manufactured Blend 

9 58.2 23.4 22.4 Natural Blend 

10 58.2 41.5 41.5 Natural Blend 

11 85.0 35.0 32.9 Manufactured Blend 

12 36.3 37.1 36.1 Natural Blend 

13 72.5 35.0 32.9 Manufactured Blend 

14 70.0 40.0 39.0 Manufactured Blend 

15 50.0 40.0 39.0 Manufactured Blend 

16 70.0 30.0 27.9 Manufactured Blend 

17 50.0 30.0 27.9 Manufactured Blend 

18 47.5 35.0 34.0 Manufactured Blend 

19 70.0 25.0 22.9 Manufactured Blend 

20 50.0 25.0 22.9 Manufactured Blend 

21 80.0 40.0 39.0 Manufactured Blend 

22 40.0 40.0 39.0 Manufactured Blend 

23 40.0 30.0 28.6 Manufactured Blend 

24 60.0 40.0 39.0 Manufactured Blend 

25 60.0 30.0 27.9 Manufactured Blend 

26 90.0 35.0 32.9 Manufactured Blend 

27 60.0 45.0 45.4 Manufactured Blend 

28 90.0 30.0 27.9 Manufactured Blend 

29 64.5 33.1 32.1 Manufactured Blend 

30 59.0 35.8 34.8 Natural Blend 
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Mix 1 - MDOT Paving Mix 
 Mix 1 was developed using MDOT’s requirement for minimum coarse aggregate content 

for concrete paving.  Figure 5 presents the combined percent retained chart for Mix 1.  Section 

501 “Portland Cement Concrete Pavement” of the MDOT’s Specifications for Road and Bridge 

Construction requires a minimum coarse aggregate content for concrete pavements.  The 

minimum limit of coarse aggregate is 72 percent of the volume of a cubic yard of concrete.  The 

minimum dry weight of coarse aggregate per cubic yard of concrete is then calculated using 

Equation 8. 

DRUWxxWCA 2772.0=                                                                  (8) 

 Where: 

 WCA = Weight of Coarse Aggregate 

DRUW = Dry Rodded Unit Weight  

The dry rodded unit weight of the No. 57 gravel used in this study was 103.4 pcf.  Using 

this weight in Equation 8 gives a coarse aggregate weight of 2010 pounds for Mix 1 providing a 

coarse aggregate volume of 65.5 percent of the total aggregate volume.  Table 6 presents mixture 

proportions used in Mix 1. 
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Figure 5 - Combined Percent Retained Chart - Mix 1 
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Table 6 – Mixture Proportions for Mix 1 

Material Dry Weights Per Cubic Yard (lbs.) Absolute Volume (ft3) 
Cement 526.40 2.68 

Coarse Aggregate 2010 13.00 
Fine Aggregate 1123 6.85 

Water 236.88 3.80 
Air NA 0.68 

 

Mix 2 – Smooth Combined Percent Retained Chart 

Mix 2 was developed by creating a smooth combined percent retained chart with values 

plotting near the middle of the 8-18 rule limits and forming  the shape of a “hay stack.”  This 

chart is presented in Figure 6.  The “hay stack” gradation of Mix 2 met MDOT Class BD 

requirements for combined percent retained on individual sieves except for exceeding the 

maximum of 2 percent retained in the pan.  The excess of material in the pan for Mix 2 was 0.47 

percent.  In addition, MDOT’s upper (denoted by Max) and lower limits (denoted by Min) for 

percent retained on individual sieves are shown in all combined percent retained charts shown 

herein for reference.  Aggregate grading used in Mix 2 provided a CF and WF near the center of 

MDOT’s elliptical limits on the modified CF chart before the workability factor was adjusted for 

fines contributed by the cement. 
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Figure 6 - Combined Percent Retained Chart - Mix 2 
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Mixes 3 and 4 - University of Kansas Aggregate Optimization 

University of Kansas (KU) software was used to optimize the aggregate gradations for 

Mixes 3 and 4.    KU’s computer software is a Microsoft Excel Workbook, utilizing visual basic 

for applications, that performs the aggregate gradation optimization process.  Available from 

www.iri.ku.edu, this application determines an optimized aggregate gradation based on 

combined coarse and fine aggregate individual percent retained and CF chart (11).  The KU 

mixtures consist of user-selected aggregates combined in proportions suggested by the KU 

application to produce an “ideal gradation.”  This study employed No. 57, No. 8, and concrete 

sand in the increments suggested by the KU application.  Figure 7 presents the combined percent 

retained chart for Mixes 3 and 4.  The aggregate gradation used in Mix 3 was developed using 

the natural blend as provided by the supplier.  The aggregate gradation used in Mix 4 was 

developed using aggregate gradations manufactured in the laboratory.  The CF and WF for these 

mixtures are located near the center of Zone II of the modified CF chart.   
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Figure 7 - Combined Percent Retained Chart - Mix 3 and 4 

 

Mixes 5 Through 28 

Guidelines for aggregates optimization were not used for Mixes 5 through 28 in order to 

generate mixtures used to evaluate all zones of the modified CF chart.  The amount of aggregate 
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particles retain on any individual sieve was adjusted as necessary to achieve the desired 

coarseness and adjusted workability numbers.  Table 7 presents the combined percentage 

retained on each designated sieve for all thirty mixtures.  Figures 9 through 14 present combined 

percent retained charts for all thirty mixtures.  Only five mixtures are shown in each chart for 

clarity.  Figure 15 presents the combined percent retained chart for all thirty mixtures. 

 

Mix 29 - Influence of Combined Percent Retained Chart 

Mix 29 was developed to explore the influence of the shape of the curve plotting the 

combined percent retained on individual sieves.  Mix 29 is a repeat of Mix 1 except the 

combined individual percent retained curve has a different shape.  Figure 8 presents the 

combined percent retained chart for Mixes 1 and 29. 
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Figure 8 - Combined Percent Retained Chart - Mixes 1 and 29 

 

Mix 30 - Influence of Adding 1 ½ Gallons of Water per Cubic Yard 

Mix 30 was developed to determined the impact of adding 1 ½ gallons of water to a cubic 

yard to concrete.  This water addition is allowed by MDOT for all classes of concrete except for 

Class BD (bridge deck) to adjust the slump to comply with the acceptable slump range.  This 
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water addition is found in section 804.02.12 “Concrete Bridges and Structures” in MDOT’s 

Specifications for Road and Bridge Construction.  Mix 30 is a repeat of Mix 3 modified only by 

adding 1 ½ gallons of water per cubic yard. 
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Table 7 – Combined Percent Retained 
Mix 
No. 

Sieve Size 

1 in. ¾ in. ½ in. 3/8 in. No 4 No 8 No 16 No 30 No 50 No 100 PAN 
1 5.20 11.43 17.14 9.37 18.95 4.77 3.15 7.52 17.29 4.65 0.52 
2 5.69 9.76 11.39 12.20 12.48 12.48 11.34 9.86 7.40 4.93 2.47 
3 4.50 9.90 14.85 8.63 21.02 5.31 3.41 8.13 18.69 5.03 0.53 
4 4.50 8.40 11.90 13.10 13.30 13.10 12.10 10.50 8.00 4.60 0.50 
5 3.24 7.12 10.68 8.99 39.53 6.95 2.20 5.25 12.08 3.25 0.72 
6 2.43 5.34 8.01 6.18 25.11 6.85 4.40 10.50 24.15 6.50 0.53 
7 8.17 14.00 16.33 17.50 7.00 7.00 9.45 8.22 6.16 4.11 2.05 
8 6.29 10.78 12.58 13.48 5.39 5.39 14.52 12.63 9.47 6.32 3.16 
9 5.27 11.57 17.36 10.39 26.96 5.08 2.20 5.25 12.08 3.25 0.62 

10 4.05 8.90 13.35 7.75 18.94 5.52 3.96 9.45 21.74 5.85 0.50 
11 8.06 13.81 16.11 17.27 4.88 4.88 11.03 9.59 7.19 4.79 2.40 
12 2.43 5.34 8.01 7.08 32.89 7.19 3.52 8.40 19.32 5.20 0.62 
13 5.68 12.48 18.72 10.24 15.73 2.15 3.37 8.05 18.52 4.98 0.08 
14 5.06 11.13 16.69 9.13 15.84 2.16 3.86 9.20 21.16 5.70 0.09 
15 3.62 7.95 11.92 6.52 26.40 3.60 3.86 9.20 21.16 5.70 0.09 
16 5.91 12.98 19.47 10.65 18.48 2.52 2.89 6.90 15.87 4.27 0.07 
17 4.22 9.27 13.91 7.60 30.80 4.20 2.89 6.90 15.87 4.27 0.07 
18 3.72 8.18 12.27 6.71 30.03 4.10 3.37 8.05 18.52 4.98 0.08 
19 6.33 13.91 20.86 11.41 19.80 2.70 2.41 5.75 13.23 3.56 0.05 
20 4.52 9.93 14.90 8.15 32.99 4.51 2.41 5.75 13.23 3.56 0.05 
21 5.79 12.71 19.07 10.43 10.56 1.44 3.86 9.20 21.16 5.70 0.09 
22 2.89 6.36 9.54 5.21 31.68 4.32 3.86 9.20 21.16 5.70 0.09 
23 3.38 7.42 11.13 6.08 36.95 5.05 2.89 6.90 15.87 4.27 0.07 
24 4.34 9.54 14.30 7.82 21.12 2.88 3.86 9.20 21.16 5.70 0.09 
25 5.06 11.13 16.69 9.13 24.64 3.36 2.89 6.90 15.87 4.27 0.07 
26 7.05 15.50 23.24 12.71 5.72 0.78 3.37 8.05 18.52 4.98 0.08 
27 3.98 8.74 13.11 7.17 19.36 2.64 4.34 10.35 23.81 6.41 0.10 
28 7.59 16.69 25.03 13.69 6.16 0.84 2.89 6.90 15.87 4.27 0.07 
29 10.79 10.79 10.79 10.79 11.87 11.87 8.07 8.07 8.07 8.07 0.81 
30 4.50 9.90 14.85 8.63 21.02 5.31 3.41 8.13 18.69 5.03 0.53 
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Figure 9 - Combined Percent Retained Chart - Mixes 1 Through 5 
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Figure 10 - Combined Percent Retained Chart - Mixes 6 Through 10 
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Figure 11 - Combined Percent Retained Chart - Mixes 11 Thru 15 
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Figure 12 - Combined Percent Retained Chart - Mixes 16 Through 20 
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Figure 13 - Combined Percent Retained Chart - Mixes 21 Through 25 
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Figure 14 - Combined Percent Retained Chart - Mixes 26 Through 30 
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Figure 15 - Combined Percent Retained Chart - Mixes 1 Through 30 
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Chapter 4 - Laboratory Testing  

Aggregate Testing 

 Typical testing was conducted on the aggregate samples for use in the concrete mixtures.  

These tests include; (1) AASHTO T 85 / ASTM C 127 “Specific Gravity and Absorption of 

Coarse Aggregate”, (2) AASHTO T 84 / ASTM C 128 “Specific Gravity and Absorption of Fine 

Aggregate”, and (3) AASHTO T 27 / ASTM C 136 “Sieve Analysis of Fine and Coarse 

Aggregates.” Additional tests were performed on the combination of sand and gravel to 

determine unit weight and voids in aggregates. 

Unit Weight and Voids in Aggregates. 

Dry-rodded unit weight and voids in aggregate were determined according to AASHTO 

T 19 / ASTM C 29 “Bulk Density (“Unit Weight”) and Voids in Aggregate” before each day’s 

mixing operations.  All combined aggregate batches were tested regardless of the method used 

for blending.  This testing was preformed after all individual size fractions of aggregates were 

weighed and ready to be introduced to the mixture.  These aggregates were mixed together and 

split down to testing size according to AASHTO T 248 / ASTM C 702 “Reducing Sample of 

Aggregates to Testing Size” using method “B”, the quartering method.  The aggregates were 

quartered on a hard, clean, level surface and opposing quarters retrieved for dry-rodded unit 

weight determination and void content calculations. 

Gradation Check.  

In several instances a sieve analysis was performed on the combined aggregate to 

compare with the desired gradation as a form of quality assurance.  However, due to possibility 

of an error, a second sieve analysis check was performed only on the first few mixtures.  Figure 

16 presents an example of the desired combined grading for Mix 1 along with the sieve analysis 

check.  
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Figure 16 – Combined Aggregate Gradation Check - Mix 1 

 

Mixing  

Laboratory mixing was conducted in 1.25 cubic feet batch quantities using a revolving 

drum mixer in accordance with ASTM C 192 “Standard Practice for Making and Curing 

Concrete Test Specimens in the Laboratory.”  Dry specific gravity and absorption values were 

used to adjust laboratory mixture designs based on aggregates in an oven-dry condition. 

In accordance with ASTM C 192, the inside of the revolving-drum mixer received a thin 

layer of fresh concrete to prevent loss of mortar from the test batch.  To add consistency to our 

process, a masonry brush was used to spread the fresh layer of concrete uniformly around the 

drum.  The drum was inverted for a two minute waiting period to allow any free water to fall out 

before continuing.  The mixer was then charged with the combined aggregates and 

approximately half of the mixing water.  After minimal revolutions of the drum to mix up the 

aggregates and water, the mixer was stopped and covered to guard against moisture loss.  A two 

minute rest period was introduced to our procedure to accommodate some degree of absorption 

by the oven-dry aggregates.  After this two minute rest, the remaining materials were added to a 

mixer.  A three minute mixing, three minute rest, two minute final mixing pattern was performed 

taking steps to guard against moisture loss during the rest period and segregation when 

discharging to a wheel barrow. 
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Plastic Properties 

 The fresh concrete was tested for density, yield, slump, air content and temperature.  

Fresh properties were recorded for each mixture.  All testing was performed using ACI Certified 

Technicians according to the following applicable standards:  

• Density and Yield – AASHTO T 121 / ASTM C 138 “Standard Test Method for Density 

(Unit Weight), Yield, and Air Content (Gravimetric) of Concrete” (Figure 17) 

• Slump – AASHTO T 119 / ASTM C 143 “Standard Test Method for Slump of 

Hydraulic-Cement Concrete” (Figure 18) 

•  Air Content – AASHTO T 196 / ASTM C 173 “Standard Test Method for Air Content 

of Freshly Mixed Concrete by the Volumetric Method” (Figure 19) 

• Making and Curing Cylinder and Prisms – AASHTO R 39 / ASTM C 192 “Standard 

Practice for Making and Curing Concrete Test Specimens in the Laboratory.” (Figure 20) 

• Temperature – ASTM C 1064 “ Standard Test Method For Temperature of Freshly 

Mixed Hydraulic-Cement  Concrete” 

 

 

Figure 17 - Unit Weight Testing 
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Figure 18 - Slump Testing 

 

 

Figure 19 - Air Content Testing 
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Figure 20 - Curing Specimens 

Workability Index 

Additional testing was performed on the fresh concrete in order to assign each mixture a 

number to represent workability.  This number is referred to herein as workability index (WI).  

The author is not aware of any AASHTO or ASTM test method for determining workability so a 

procedure was developed by Burns Cooley Dennis, Inc. and used in this study to indicate how 

workable the mixtures may be for construction.  This procedure used the slump test along with a 

vibrating table to simulate how the concrete would consolidate and move horizontally within 

forms for concrete construction.  See Figure 21 and 22 for workability index testing. 

In addition to standard slump testing, a standard slump test was performed on a vibrating 

table with the vibrating element turned off.  The standard slump was measured as the pre-

vibrated slump.  The slump cone was then placed back onto the slumped concrete and allowed to 

move down the slumped concrete until a slight resistance from the concrete at the base would 

keep the slump cone from further downward movement without the use of force.  The amplitude 

was set on the vibrating table at 10 percent for a vibration time period of 5 seconds.  After 

vibration, the post vibrated slump was measured and a change in slump was calculated. 
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The post-vibrated horizontal spread of the base of the slumped concrete was also 

determined.  Two measurements were taken at right angles and the two averaged to determine 

the average spread.  Both change in slump and change in horizontal spread were used to 

determine a workability index (WI) in accordance with Equation 9. 

22 HVWI +=                                                                                               (9) 

Where: WI = workability index 

 V = difference in pre-vibrated slump and post-vibrated slump 

 H = difference in pre-vibrated slump base spread (diameter of slump cone, 8 in.) and 

post-vibrated slump base spread 

 

 

 

 

Figure 21 - Pre-Vibrated Slump and Base Spread 
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Figure 22 - Post-Vibrated Slump and Base Spread 

 

Hardened Properties 

Compressive Strength. 

Compressive strength specimens were cast immediately following testing of all plastic 

properties.  ACI certified technicians made the 4 in. x 8 in. specimens and consolidation was 

accomplished using a vibrating table.  Upon completion of consolidation and strike-off finishing 

of the top surfaces, strength specimens were moved to a temperature controlled moisture room 

for curing.  Specimens were tested by ACI certified strength technicians in accordance with 

AASHTO T 22 / ASTM C 39 “Standard Test method for Compressive Strength of Cylindrical 

Concrete Specimens.”  Eleven specimens were tested for each mixture as follows: 2 at 1 day, 2 at 

7 days, 2 at 14 days, 3 at 28 days, and 2 at 56 days. 
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Length Change of Hardened Concrete. 

Length change was measured for each mixture according for AASHTO T 160 / ASTM C 

157 “Length Change of Hardened Hydraulic-Cement Mortar and Concrete” and AASHTO M 

210 / ASTM C 490 “Standard Practice for use of Apparatus for the Determination of Length 

Change of Hardened Cement Paste, Mortar, and Concrete.”  Specimens were cast according to 

AASHTO R 39 / ASTM C 192 utilizing prisms of 4 in. square cross sections and approximately 

11 ¼ in. long.  Three specimens were cast for each mixture and consolidated with a vibrating 

table.  Results shown in this report represent the average of the three specimens.  

Sample Preparation. 

Specimens were cast and consolidated utilizing an external vibratory table.  Specimens 

were immediately placed in a moist curing room for a 24 hour initial curing period.  Specimens 

were de-molded at an age of 23.5 ± 0.5 hours and were labeled with identifying information 

using a permanent marker.  Specimens were then placed into a lime-saturated water curing bath 

maintained at 73 ± 1 degree Fahrenheit for 30 minutes before initial comparator reading.  

Initial Testing. 

Specimens were removed from the lime-saturated curing bath and towel dried, leaving 

only a small amount of free water.  They were then placed in a comparator measuring to the 

nearest 0.0001 in. where initial measurements were taken and compared to a standard reference 

bar (Figure 23).  Specimens were removed from the comparator and returned to the lime-

saturated curing bath until they reached an age of 28 days from the time they were cast.  At the 

end of the 28 day curing period the specimens received a second comparator reading (Figure 24). 

Specimen Dry Storage and Testing.   

Specimens were stored after the second reading in a temperature and humidity controlled 

environment of 50% ± 4% relative humidity and 73 ± 3 º F.  Specimens were stacked on shelves 

with a clearance of at least 1 inch on all sides.  Comparator readings were taken at 1, 28, 32, 35, 

42, 56, 84, 140, 252, and 476 days after casting.  Tables and figures in this report will indicate 

length change based on days in the temperature and humidity controlled room.  These ages will 

be 4, 7, 14, 28, 56, 112, 224, and 448 days from the time the specimens were placed in the 

temperature and humidity controlled room, which is 28 days after casting. 
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Calculations.   

Length change data was calculated and reported as a positive number if expansion 

occurred and a negative number (-) if shrinkage occurred.  These data are reported to the nearest 

0.0001% herein.  The equation for calculating length change of specimens at any age as a percent 

of the initial comparator reading is as follows: 

 

100∗
−

=
G

LLL ix

                                                                              (10)
 

Where: 

L = change in length at X age, % 

Lx = comparator reading of specimen at X age minus comparator reading of reference bar at X 

age; in inches 

Li = initial comparator reading of specimen minus comparator readings of reference bar at that 

same time; in inches 

G = nominal gauge length; 10 inches. This nominal gage length is the length between inside ends 

of gauge studs cast into the prism specimens and is 10 ± 0.1 in.  
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Figure 23 - Comparator Reading of Standard Bar 
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Figure 24 - Comparator Reading of Concrete Specimen 
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Chapter 5 – Results 

Water Demand and Cement Content 
The slump test was used to evaluate water demand associated with combined aggregate 

gradations.  All mixtures were compared to control mixtures having coarseness factors and 

adjusted workability factors plotting within MDOT’s elliptical limits of the modified CF chart.  

As measured slump increased or decreased as a result of changes in combined aggregate 

gradations, water and cement content were adjusted in order to maintain a w/c ratio of 0.45 and a 

slump of 2 ½ in. to 3 ½ in..  Table 8 presents a summary of cement and water contents of all 

mixtures.  Cement contents ranged from 484.1 pounds per cubic yard (PCY) to 578.1 PCY.  

Water content ranged from 217.85 PCY to 260.15 PCY.  Figure 25 presents a modified CF chart 

with Mixes 1 through 30 plotted on the chart showing cement contents associated with each 

mixture.   

 

Table 8 - Cement and Water Content 

Cement Content (lbs/yd3) Water Content (lbs/yd3) Mixes 
484.10 217.85 7, 11, 13, 16, 17, 19, 20, 25, 26, 28 
512.30 230.54 23 
526.40 236.88 1, 2, 3, 4, 5, 9, 12, 14, 15, 18, 21, 22, 24, 29 
526.40 245.21 30 
564.00 253.80 10 
578.10 260.15 6, 8, 27 
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Figure 25 - Modified Coarseness Factor Chart (Cement Content) 

 

Unit Weight and Voids in Aggregates 
Dry-rodded unit weight and void content of the combined aggregate gradation used in 

each mixture are presented in Table 9.  Dry-rodded unit weight ranged from a low of 118.5 

pounds per cubic feet (pcf) (Mix 9) to a high of 126.5 pcf (Mix 8).  Void content ranged from 

19.8 percent (Mix 26) to 24.4 percent (Mix 5).  Percent voids in aggregates versus unit weight 

data are presented in Figure 26. 
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Table 9 – Dry-Rodded Unit Weight and Voids in Aggregates 

Mix Number Dry-Rodded Unit Weight (lbs/ft3) Void Content (%) 
1 125.5 20.3 
2 123.8 21.5 
3 124.6 21.1 
4 121.0 23.3 
5 118.6 24.4 
6 123.6 22.3 
7 123.2 21.6 
8 126.5 20.2 
9 118.5 24.3 

10 123.1 22.3 
11 125.0 20.7 
12 122.2 22.7 
13 124.5 21.0 
14 125.7 20.5 
15 124.7 20.9 
16 124.9 20.5 
17 123.6 21.4 
18 123.8 21.5 
19 120.5 23.1 
20 121.1 22.8 
21 125.9 20.3 
22 123.1 22.2 
23 123.7 21.4 
24 125.5 20.6 
25 122.4 22.2 
26 126.4 19.8 
27 124.9 21.2 
28 125.7 20.0 
29 125.4 20.3 
30 124.8 21.0 
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Figure 26 - Voids in Aggregate vs Dry-Rodded Unit Weight 

 

Plastic Properties 

Plastic properties of each concrete mixture are presented in Table 10.  Slump ranged from 

2 ½ in. to 3 ½ in. for all mixtures except for Mixes 29 and 30.  Mix 29 is a repeat Mix 1 except 

for the shape of the combined percent retained chart.  Mix 30 is a repeat of Mix 3 except 1 ½ 

gallons of water per cubic yard were added to Mix 30.  Entrapped air ranged from 1.5 percent 

(Mix 9) to 5.75 percent (Mix 6).  Unit weight ranged from 143.6 pcf (Mix 6) to 148.0 pcf (Mix 

19).  
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Table 10 - Plastic Properties 

Mix No. Slump (in.) Air   (%) Temp (ºF) Unit Wt (lbs/ft3) 
1 3.25 2.75 80.1 146.20 
2 3.25 3.00 74.8 145.20 
3 3.25 3.00 74.5 145.60 
4 3.50 3.25 73.2 144.60 
5 3.00 1.75 73.2 146.80 
6 3.00 5.75 72.9 143.60 
7 2.50 2.00 73.5 147.80 
8 2.75 3.25 70.4 145.40 
9 3.50 1.50 73.5 147.20 

10 3.25 3.75 75.4 144.40 
11 2.75 2.50 71.0 146.60 
12 2.50 3.00 71.0 145.80 
13 2.50 3.25 73.1 146.80 
14 2.50 4.25 72.9 144.68 
15 2.75 4.00 71.5 144.08 
16 3.25 2.50 71.5 146.80 
17 3.00 3.00 69.5 147.00 
18 3.50 3.00 69.5 145.80 
19 3.00 1.75 69.5 148.00 
20 2.75 2.25 70.5 147.40 
21 3.00 3.50 70.5 145.80 
22 2.75 4.00 71.0 144.20 
23 3.00 2.50 75.5 146.20 
24 2.50 4.00 75.0 144.80 
25 2.50 2.25 73.0 146.40 
26 2.75 3.00 73.0 145.80 
27 3.00 3.50 75.5 144.20 
28 3.25 2.25 74.0 147.60 
29 4.50 2.50 70.0 146.40 
30 5.50 2.75 70.0 146.40 

 

Workability Index 

 The ease of which concrete can be placed, consolidated, and finished is important to the 

overall quality of concrete construction.  This study used a modified slump test to get an 

indication of the workability of each concrete mixture.  Table 11 presents measurements of the 

pre-vibrated slump, post-vibrated slump, spread, and calculated Workability Index (WI).  WI 

ranged from 3.8 in. (Mix 7) to 9.7 in. (Mix 10).   
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Table 11 - Workability Index 

Mix 
Number 

Pre-
Vibrate 
Slump 

(in.) 

Post-
Vibrated 

Sump 
(in.) 

Change 
In Slump 

(in.) 

Spread 1   
(in.) 

Spread 2   
(in.) 

Average 
Spread 

(in.) 

Change 
In 

Spread 
(in.) 

Workability 
Index     
(WI) 

1 3.75 6.25 2.5 14.5 13.5 14.0 6.0 6.5 

2 3.75 6.25 2.5 14.5 13.5 14.0 6.0 6.5 

3 2.25 4.75 2.5 14.0 10.75 12.38 4.38 5.0 

4 2.0 5.0 3.0 13.0 12.75 12.88 4.88 5.7 

5 4.0 5.75 1.75 12.0 12.25 12.13 4.13 4.5 

6 2.75 6.5 3.75 15.25 15.0 15.13 7.13 8.1 

7 2.25 4.5 2.25 11.0 11.0 11.00 3.0 3.8 

8 2.25 4.75 2.5 12.25 10.5 11.38 3.38 4.2 

9 3.0 6.5 3.5 13.0 13.25 13.13 5.13 6.2 

10 3.25 8.75 5.5 17.0 15.0 16.00 8.0 9.7 

11 2.25 5.5 3.25 12.5 12.25 12.38 4.38 5.5 

12 1.75 5.5 3.75 13.25 13.0 13.13 5.13 6.4 

13 2.0 5.5 3.5 12.5 13.0 12.75 4.75 5.9 

14 2.0 5.0 3.0 10.75 10.125 10.44 2.44 3.9 

15 2.50 8.25 5.75 14.875 13.625 14.25 6.25 8.5 

16 2.0 5.0 3.0 12.5 12.0 12.25 4.25 5.2 

17 2.25 6.5 4.25 13.75 12.25 13.0 5.0 6.6 

18 2.50 7.25 4.75 15.25 14.5 14.88 6.88 8.4 

19 3.25 7.0 3.75 13.5 13.5 13.50 5.50 6.7 

20 2.0 4.75 2.75 11.75 11.00 11.38 3.38 4.4 

21 2.75 7.5 4.75 13.375 14.375 13.88 5.88 7.6 

22 2.25 7.50 5.25 14.25 13.875 14.06 6.06 8.0 

23 2.75 6.5 3.75 14.25 14.25 14.25 6.25 7.3 

24 1.75 6.25 4.5 13.0 14.25 13.63 5.63 7.2 

25 1.75 4.50 2.75 12.0 11.50 11.75 3.75 4.7 

26 2.00 5.50 3.5 13.0 13.25 13.13 5.13 6.2 

27 2.0 7.5 5.5 14.5 14.5 14.50 6.50 8.5 

28 4.0 7.0 3.0 12.25 12.25 12.25 4.25 5.2 

29 4.0 8.75 4.75 15.25 15.50 15.38 7.38 8.8 

30 4.25 7.75 3.5 15.50 15.50 15.50 7.50 8.3 
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Compressive Strength 

Results from testing eleven compressive strength specimens per mixture are given in this 

section.  These specimens were tested as follows; 2 at 1 day, 2 at 7 days, 2 at 14 days, 3 at 28 

days, and 2 at 56 days.  Results shown in this report are calculated as the average of specimens 

tested for each age.  Compressive strength results of each specimen were rounded to the nearest 

10 pounds per square inch (psi). These individual tests at each test age were averaged and 

rounded to the nearest 1 psi for reporting.  Each mixture has an average compressive strength 

that exceeds MDOT’s specified 28 day strength requirement of 4,000 psi for bridge deck 

concrete.   

Average 28 day compressive strengths ranged from 4,433 psi (Mix 15) to 6,093 psi (Mix 

20).  Table 12 presents the average compressive strengths and rankings for Mixes 1 through 30.  

A ranking of 1 indicates the highest compressive strength and a ranking of 30 indicates the 

lowest compressive strength. 

 

Percent Length Change 

Testing was performed on all mixtures to determine unrestrained length change.  The 

ages given in the tables and figures are not from time of casting, but from the time specimens 

were placed in the controlled room at a temperature of 73º ± 3º F and 50 ± 4 percent humidity.  

Data indicate that ultimate shrinkage occurred at 448 days of storage in the temperature and 

humidity controlled room.  Ultimate shrinkage ranged from a low of (-) 0.0203 percent (Mix 20) 

to a high of (-) 0.0450 percent (Mix 6).  Average percent length change and rankings for Mixes 1 

through 30 are shown in Table 13.  A ranking of 1 represents the lowest average 448 day 

shrinkage and a ranking of 30 represents the highest 448 day shrinkage.   

A summary of mixture parameters, plastic properties, and test results is presented in 

Table 14. 

 



  47

Table 12 – Average Compressive Strength 

Mix No. 28 Day Avg. (psi) 28 Day Rank 56 Day Avg. (psi) 56 Day Rank 
1 5,120 20 5,345 27 
2 5,530 10 6,130 6 
3 5,393 13 5,960 10 
4 5,493 11 6,010 8 
5 5,533 9 5,915 12 
6 5,170 18 5,460 25 
7 5,540 8 5,740 14 
8 5,897 4 6,115 7 
9 6,027 2 6,275 4 

10 5,613 6 5,580 21 
11 5,360 14 5,985 9 
12 5,247 16 5,530 23 
13 4,883 24 5,305 28 
14 4,813 25 5,055 29 
15 4,433 30 5,565 22 
16 4,960 22 5,405 26 
17 5,170 18 5,640 20 
18 4,900 23 5,470 24 
19 5,603 7 6,145 5 
20 6,093 1 6,575 3 
21 5,417 12 5,650 18 
22 5,110 21 4,830 30 
23 5,667 5 6,735 1 
24 4,810 26 5,695 16 
25 5,203 17 5,940 11 
26 4,630 28 5,650 18 
27 4,490 29 5,660 17 
28 5,917 3 6,655 2 
29 5,330 15 5,720 15 
30 4,677 27 5,760 13 
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Table 13 – Average Percent Length Change and Ranking 
Mix No. 28 Day Avg. (%) 28 Day Rank 448 Day Avg. (%) 448 Day Rank 

1 -0.0120 13 -0.0275 8 
2 -0.0097 5 -0.0347 20 
3 -0.0143 16 -0.0350 22 
4 -0.0183 26 -0.0390 26 
5 -0.0203 29 -0.0400 27 
6 -0.0190 28 -0.0450 30 
7 -0.0100 6 -0.0255 4 
8 -0.0180 25 -0.0373 25 
9 -0.0147 19 -0.0333 18 

10 -0.0145 18 -0.0365 24 
11 -0.0117 12 -0.0307 12 
12 -0.0185 27 -0.0400 28 
13 -0.0170 24 -0.0347 21 
14 -0.0150 20 -0.0360 23 
15 -0.0120 14 -0.0327 15 
16 -0.0083 2 -0.0230 2 
17 -0.0107 8 -0.0283 9 
18 -0.0107 9 -0.0307 12 
19 -0.0093 3 -0.0243 3 
20 -0.0060 1 -0.0203 1 
21 -0.0097 4 -0.0260 5 
22 -0.0110 10 -0.0310 14 
23 -0.0163 23 -0.0330 16 
24 -0.0100 6 -0.0290 10 
25 -0.0123 15 -0.0303 11 
26 -0.0113 11 -0.0273 7 
27 -0.0217 30 -0.0427 29 
28 -0.0143 17 -0.0270 6 
29 -0.0155 21 -0.0345 19 
30 -0.0157 22 -0.0333 17 
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Table 14 - Mixture Parameters, Plastic Properties, Test Results 

Mix 
Number 

Combined Aggregate Properties Paste Plastic Properties Test Results 

CF WF AWF DRUW Voids w/c 
Cement 

(lbs) 
Water 
(lbs) 

Paste 
Volume 

(%) 

Slump 
(in.) 

Air 
(%) 

Temperate 
(º F) 

Unit 
Weight 

(pcf) 

28 
Day 
(psi) 

448 Day 
Shrinkage 

(%) 

1 64.5 33.1 32.1 125.5 20.3 0.45 526.40 236.88 24.01 3.25 2.75 80.1 146.2 5,120 -0.0275 
2 61.0 36.0 35.0 123.8 21.5 0.45 526.40 236.88 23.82 3.25 3.00 74.8 145.2 5,530 -0.0347 
3 59.0 35.8 34.8 124.6 21.1 0.45 526.40 236.88 23.87 3.25 3.00 74.5 145.6 5,393 -0.0350 
4 58.9 35.7 34.7 121.0 23.3 0.45 526.40 236.88 23.71 3.50 3.25 73.2 144.6 5,493 -0.0390 
5 39.2 23.5 22.5 118.6 24.4 0.45 526.40 236.88 24.15 3.00 1.75 73.2 146.8 5,533 -0.0400 
6 40.7 46.1 46.5 123.6 22.3 0.45 578.10 260.15 25.94 3.00 5.75 72.9 143.6 5,170 -0.0450 
7 80.0 30.0 27.9 123.2 21.6 0.45 484.10 217.85 22.22 2.50 2.00 73.5 147.8 5,540 -0.0255 
8 80.0 46.1 46.5 126.5 20.2 0.45 578.10 260.15 26.31 2.75 3.25 70.4 145.4 5,897 -0.0373 
9 58.2 23.4 22.4 118.5 24.3 0.45 526.40 236.88 24.28 3.50 1.50 73.5 147.2 6,027 -0.0333 

10 58.2 41.5 41.5 123.1 22.3 0.45 564.00 253.80 25.46 3.25 3.75 75.4 144.4 5,613 -0.0365 
11 85.0 35.0 32.9 125.0 20.7 0.45 484.10 217.85 22.01 2.75 2.50 71.0 146.6 5,360 -0.0307 
12 36.3 37.1 36.1 122.2 22.7 0.45 526.40 236.88 23.88 2.50 3.00 71.0 145.8 5,247 -0.0400 
13 72.5 35.0 32.9 124.5 21.0 0.45 484.10 217.85 22.02 2.50 3.25 73.1 146.8 4,883 -0.0347 
14 70.0 40.0 39.0 125.7 20.5 0.45 526.40 236.88 23.69 2.50 4.25 72.9 144.7 4,813 -0.0360 
15 50.0 40.0 39.0 124.7 20.9 0.45 526.40 236.88 23.58 2.75 4.00 71.5 144.1 4,433 -0.0327 
16 70.0 30.0 27.9 124.9 20.5 0.45 484.10 217.85 22.06 3.25 2.50 71.5 146.8 4,960 -0.0230 
17 50.0 30.0 27.9 123.6 21.4 0.45 484.10 217.85 22.08 3.00 3.00 69.5 147.0 5,170 -0.0283 
18 47.5 35.0 34.0 123.8 21.5 0.45 526.40 236.88 23.90 3.50 3.00 69.5 145.8 4,900 -0.0307 
19 70.0 25.0 22.9 120.5 23.1 0.45 484.10 217.85 22.27 3.00 1.75 69.5 148.0 5,603 -0.0243 
20 50.0 25.0 22.9 121.1 22.8 0.45 484.10 217.85 22.17 2.75 2.25 70.5 147.4 6,093 -0.0203 
21 80.0 40.0 39.0 125.9 20.3 0.45 526.40 236.88 23.79 3.00 3.50 70.5 145.8 5,417 -0.0260 
22 40.0 40.0 39.0 123.1 22.2 0.45 526.40 236.88 23.60 2.75 4.00 71.0 144.2 5,110 -0.0310 
23 40.0 30.0 28.6 123.7 21.4 0.45 512.30 230.54 23.32 3.00 2.50 75.5 146.2 5,667 -0.0330 
24 60.0 40.0 39.0 125.5 20.6 0.45 526.40 236.88 23.70 2.50 4.00 75.0 144.8 4,810 -0.0290 
25 60.0 30.0 27.9 122.4 22.2 0.45 484.10 217.85 22.00 2.50 2.25 73.0 146.4 5,203 -0.0303 
26 90.0 35.0 32.9 126.4 19.8 0.45 484.10 217.85 21.88 2.75 3.00 73.0 145.8 4,630 -0.0273 
27 60.0 45.0 45.4 124.9 21.2 0.45 578.10 260.15 26.07 3.00 3.50 75.5 144.2 4,490 -0.0427 
28 90.0 30.0 27.9 125.7 20.0 0.45 484.10 217.85 22.19 3.25 2.25 74.0 147.6 5,917 -0.0270 
29 64.5 33.1 32.1 125.4 20.3 0.45 526.40 236.88 24.05 4.50 2.50 70.0 146.4 5,330 -0.0345 
30 59.0 35.8 34.8 124.8 21.0 0.47 526.40 245.21 24.66 5.50 2.75 70.0 146.4 4,677 -0.0333 
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Chapter 6 – Discussion of Results 
 

Water Demand and Cement Content 

Data generated in this study confirm that combined aggregate gradations of mixtures do 

influence water demand.  Mixtures with coarseness factors and adjusted workability factors that 

plot outside of MDOT’s elliptical limits on the modified CF chart  can either increase or decrease 

water demand.  Data supports that slump increases as CF increases and AWF decreases 

compared to similar mixtures that plot within MDOT’s elliptical limits on the modified CF chart.  

Additionally, the slump decreases as CF decreases and AWF increases.  Therefore, if the goal of 

the mixture designer is to have the least amount of water and cement to produce a given slump, 

CF and AWF should plot in certain areas of Zones “I”, “V”, and in the “Trend Bar.”  These areas 

are noted in Figure 25 by mixes with cement contents that are less than 526.4 PCY.  The 

designer should also avoid Zone “IV” because of the excess fines which cause the water demand 

to increase.   

 

Dry-Rodded Unit Weight and Voids in Aggregate  

The amount of concrete shrinkage is influenced by the amount of cementitious paste in 

concrete mixtures.  As paste content increases, concrete shrinkage also increases.  One way to 

reduce the amount of cement paste in a given volume of concrete is to reduce the void space 

inherent between aggregate particles.  The concrete mixture designer is then challenged to 

develop blends of various coarse and fine aggregate sizes to fill in as many voids between the 

aggregates as possible with various aggregate particle sizes.  Understanding the range of voids in 

aggregates that can be expected when using Mississippi sand and gravel will assist in 

determining the optimum grading.  

This research included the determination of voids in aggregate calculated from dry-

rodded unit weights of twenty-nine unique aggregate gradations.  The minimum void content 

was 19.8 percent and was produced from the combined aggregate gradation used in Mix 26.  The 

maximum void content was 24.4 percent and was produced in Mix 5.  Figure 27 presents a plot 

of the dry-rodded unit weight of aggregates for each mixture on the modified CF chart.  Figure 

28 presents a plot of the calculated void content for each mixture on the modified CF chart. 
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Figure 27 - Modified Coarseness Factor Chart (Dry Rodded Unit Weight) 
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Figure 28 - Modified Coarseness Factor Chart (% Voids in Aggregate) 

In order to compare void content in aggregates between the mixtures in this study, void 

content categories had to be developed.  Based on the author’s opinion, voids in Mississippi 

aggregates can be divided into three categories including; low, moderate, and high.  See Table 15 

for categories for voids in aggregate.   

 

Table 15 – Categories for Voids in Aggregate 
Voids in Aggregate Category 

% Voids < 21 Low 
21 ≤ % Voids  ≤ 22 Moderate 

% Voids ≥ 22 High 
 

Similar unit weight and void content tests have been conducted by the National Ready 

Mixed Concrete Association (NRMCA) on crushed limestone aggregates.  Void contents in the 

NRMCA study ranged from 21.6 percent to 26.7 percent (12).  When comparing voids contents 
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of crushed limestone of the NRMCA study and void contents determined on Mississippi gravel 

in this study, it appears that Mississippi gravel aggregates may create less void content in 

concrete than crushed limestone aggregates. 

The combined percent retained charts for aggregate gradations that produced the 

minimum and maximum void space are presented in Figure 29.  Mix 5 (highest voids) contained 

an excess of No. 4 size particles and a deficiency of material retained on the No 8, No 16, and 

No 30 sieves when compared to MDOT’s upper and lower limits for combined percent retained 

on individual sieves for Class BD concrete.  Mix 26 (lowest voids) had a slight excess of 1 in. 

and ½ in. particle sizes and a deficiency of material retained on No 4, No 8 and No 16 sieves 

when compared to MDOT’s limits for Class BD concrete.  Aggregate gradations that provided 

the lowest percent voids produced in this study could not be used as MDOT Class BD concrete 

because they do not meet criteria established for combined percent retained on individual sieves 

for Class BD concrete.   
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Figure 29 - Combined Percent Retained Chart - Mixes 5 and 26 

 

Figures 30 through 32 present the combined percent retained charts for mixtures with 

aggregate gradations producing low, moderate, and high percent voids, respectfully.  The “hay 
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stack” gradation of Mix 4 met all requirements for combined percent retained on individual 

sieves found in ACI 302.1R section 5.4.3 and MDOT’s specifications for Class BD concrete.  

The hay stack gradation of Mix 2 met all of these requirements for combined percent retained on 

individual sieves except for exceeding the maximum of 2 percent retained in the pan required for 

Class BD.  The excess of material in the pan for Mix 2 was 0.47 percent.  Even though combined 

aggregate gradations of Mixes 2 and 4 met these requirements for combined percent retained on 

individual sieves, the “hay stack” gradations provided moderate to high percent void contents in 

aggregate.  The void contents of Mixes 2 and 4 are 21.5 percent and 23.3 percent, respectively.   
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Figure 30 - Combined Percent Retained Chart with Percent Voids < 21% 
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Figure 31 - Combined Percent Retained Chart with Percent Voids Between 21% and 22% 
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Figure 32 - Combined Percent Retained Chart with Percent Voids Greater Than 22% 
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Figures 33 and 34 present voids in aggregates verses coarseness factor and adjusted 

workability factor, respectfully.  Data presented in Figure 33 show that voids in aggregates 

decrease as coarseness factor increases.  Figure 34 also shows a decrease in voids in aggregates 

as adjusted workability factor increases.  However, this trend reverses at a workability factor of 

approximately 37.5 and voids in aggregates begin to increase as adjusted workability factors 

exceed 37.5.  
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Figure 33 - Influence of Coarseness Factor on Voids in Aggregate 
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y = 0.0129x2 - 0.9749x + 39.355
R² = 0.4183
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Figure 34 - Influence of Workability Factor on Voids in Aggregate 

Workability Index 

Categories had to be developed to compare mixture performance using workability.  

Based on the author’s opinion, three categories of workability were achieved in this study 

including; low, moderate and high.  See Table 16 for WI categories and the mixes associated 

with each category.       

 

Table 16 - Workability Index 
Workability Index (WI) (in.) Category Mixes 

WI < 5 Low 5, 7, 8, 14, 20, 25 
5 ≤ WI < 8 Moderate 1, 2, 3, 4, 9, 11, 12, 13, 16, 17, 19, 21, 23, 

WI ≥ 8 High 6, 10, 15, 18, 22, 27, 29, 30 
 

 Each mixture’s workability index (WI) is plotted on the CF chart and is presented in 

Figure 35.  In addition, Figure 36 presents the correlation of WI to paste content.   The only mix 

plotting within the MDOT elliptical limits on the CF chart that rated high in workability index is 
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Mix 30.  Mix 30 is a repeat of Mix 3 with the addition of 1 ½ gallons of water per cubic yard of 

concrete.  Since Mix 30 did not meet criteria of slump and w/c ratio established for the study, WI 

results are invalid for Mix 30.  Mixes with coarseness and adjusted workability factors that 

plotted within the MDOT ellipse produced moderate WI ranging from 5 in. to 7.2 in. 

Four mixes rated a high WI in Zone II include mixes 10, 15, 18, and 29.  Since Mix 29 

did not meet criteria for slump established for the study, WI results for Mix 29 are invalid. 

Additional high WI occurs in Zones “IV” and “III”.  Therefore, if the goal of the concrete 

mixture designer is to have the highest workability index, the target CF and AWF of the 

aggregate grading should plot between CF 40 and CF 50 within Zones II and III.  High WI was 

also observed in Zone IV, but this zone should be avoided because of the high water demand 

associated with the excessive fines in this zone.   
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Figure 35 - Modified Coarseness Factor Chart (Workability Index) 
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Figure 36 - Workability Index (WI) vs Paste Content 

 

Compressive Strength 

 Compressive strength of concrete is influenced by all aspects of the concrete mixture.  

Water cementitious ratio and the type of aggregate both have influence on compressive strength.  

This study used a w/c ratio of 0.450 for all mixes except for Mix 30 which had a 0.473 w/c ratio.  

Mix 30 had a different w/c ratio because this mix was used to evaluate the impact of adding 1 ½ 

gallon of water to a cubic yard of concrete.  Average twenty-eight day compressive strengths 

ranged from 4,433 psi (Mix 15) to 6,093 psi (Mix 20) even though a w/c cement ratio of 0.45 

was used for all mixes except for Mix 30.  This 1,660 psi difference in compressive strengths 

may be attributed to entrapped air, adjusted workability factor, shape of the combined percent 

retained chart, and the acceptable range of strengths of companion cylinders.  A plot of average 

compressive strength versus age is presented in Figure 37 for all mixes.  Figure numbers 38 

through 42 present compressive strength versus age for mixes with cement contents of 484.1 

PCY, 512.3 PCY, 526.4 PCY, 564 PCY, and 578.1 PCY, respectfully. 
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Figure 37 - Compressive Strength vs Age - All Mixes 



  61

1,000

2,000

3,000

4,000

5,000

6,000

7,000

0 7 14 21 28 35 42 49 56

C
om

pr
es

si
ve

 S
tre

ng
th

 (p
si

)

Age (Days)

Mix 7.0

Mix 11.0

Mix 13.0

Mix 16.0

Mix 17.0

Mix 19.0

Mix 20.0

Mix 25.0

Mix 26.0

Mix 28.0

 

Figure 38 - Compressive Strength vs Age - Mixes with 484.1 PCY Cement 
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Figure 39 - Compressive Strength vs Age - Mixes with 512.3 PCY Cement 
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Figure 40 - Compressive Strength vs Age - Mixes with 526.4 PCY Cement 
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Figure 41 - Compressive Strength vs Age - Mixes with 564 PCY Cement 
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Figure 42 - Compressive Strength vs Age - Mixes with 578.1 PCY Cement 
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Figure 43 presents 28 day compressive strengths of all mixes versus 448 day shrinkage.  

These data show that there is no apparent correlation between compressive strength and 448 day 

shrinkage.  
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Figure 43 - 28 Day Compressive Strength vs 448 Day Shrinkage 

Influence of Entrapped Air.   

There are two types of air in concrete including entrained air and entrapped air.  

Entrained air is generated in concrete with chemical admixtures to provide durability for 

concrete that is exposed to cycles of freezing and thawing.  Entrained air was not used in this 

study in order to reduce variability between mixes.  All air reported herein is entrapped air that is 

inherent in all concrete mixtures.  Air results in void pockets in the cement paste that weakens 

the paste.  As the air content of the paste increases, compressive strength decreases.  Average 28 

day compressive strength versus air content is presented in Figure 44.  This figure represents 

mixes that contain 526.4 pounds of cement per cubic yard of concrete including mixes 1, 2, 3, 4, 
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5, 9, 12, 14, 15, 18, 21, 22, 24, 29, and 30.  This figure shows a correlation between entrapped air 

voids and average compressive strengths.  The average compressive strengths decrease as 

entrapped air voids increase.  
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Figure 44 - Average 28 Day Compressive Strength VS Entrapped Air 
(Mixes with 526.4 PCY) 

 

Figure 45 presents a plot of entrapped air versus AWF.  Entrapped air increases as AWF 

increases.  AWF indicates the percentage of aggregate particles that are smaller than a No. 8 

sieve relative to the total volume of aggregate in the concrete mixture.  As AWF increases, the 

total amount of fine material in the mixture increases.  This correlation between entrapped air 

and AWF factor may be a due to the increased surface area of the aggregate portion of the 

mixture.  Increased surface area requires more cement paste to coat aggregate particles and 

provides additional space for entrapped air voids to develop. 
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Figure 45 - Entrapped Air VS AWF (All Mixes) 

 

Influences of Combined Percent Retained Chart. 

 Mixes 1 and 3 were repeated in Mixes 29 and 4, respectively.  The primary difference in 
the mixes is the shape of the combined percent retained charts.  Average compressive strengths 
and combined percent retained charts of Mixes 1 and 29 are presented in Figures 46 and 47, 
respectively.  Average compressive strength of Mixes 3 and 4 and combined percent retained 
charts are presented in Figures 48 and 49, respectively.  The average twenty-eight day 
compressive strength of Mix 1 is 5,120 psi and the average for Mix 29 is 5,330 psi with a 
difference of 210 psi.  The average twenty-eight day compressive strength of Mix 3 was 5,393 
psi and the average for Mix 29 was 5,493 psi with a difference of 100 psi.  Based on compressive 
strength data of Mixes 1, 3, 4, and 29, the shape of the combined percent retained chart has little 
to no influence on compressive strength. 
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Figure 46 - Average Compressive Strength vs Age (Mixes 1 and 29) 
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Figure 47 - Combined Percent Retained Chart - Mixes 1 and 29 (Repeated Figure) 
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Figure 48 - Average Compressive Strength vs Age (Mixes 3 and 4) 
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Figure 49 - Combined Percent Retained Chart - Mixes 3 and 4 (Repeated Figure) 
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Influence of CF and AWF. 

Figures 50 through 54 present data showing the influence of CF and AWF on 28 day 

compressive strength.  There does not appear to be any correlation between coarseness factor 

(CF) and compressive strength as shown in Figures 50 and 52.  There is better correlation 

between compressive strength and adjusted workability factor (AWF) as presented in Figures 51 

and 53 relative to compressive strength and CF.  As AWF decreases, compressive strength 

increases.  This is primarily due to increased entrapped air voids associated with higher adjusted 

workability factors.   
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Figure 50 - Average 28 Day Compressive Strength vs CF (526.4 PCY) 
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Figure 51 - Average 28 Day Compressive Strength vs AWF (526.4 PCY) 
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Figure 52 - Average 28 Day Compressive Strength vs CF (578.1 PCY) 



  73

y = -49.821x + 6894.3
R² = 0.4268

4,000

4,500

5,000

5,500

6,000

6,500

20 25 30 35 40 45 50

28
 D

ay
 C

om
pr

es
si

ve
 S

tre
ng

th
 (p

si
)

Adjusted Workability Factor
 

Figure 53 - Average 28 Day Compressive Strength vs AWF (578.1 PCY) 
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Figure 54 - Modified Coarseness Factor Chart (28 Day Compressive Strengths) 

 

Length Change 

All Mixes. 

The average length change versus age is presented in Figure 55 for all thirty mixes.  The 

ultimate percent shrinkage in this study occurred at 448 days of curing in a temperature and 

humidity controlled environment.  Shrinkage ranged from (-) 0.0203 percent (Mix 20) to (-) 

0.0450 percent (Mix 6).  Length change results provided herein are measured and calculated to 

the nearest ten thousandth of a percent in order to show shrinkage values for each mix.  

AASHTO T 160 / ASTM C 157 notes that average percent length change is to be reported to the 

nearest one hundredth of a percent.  If shrinkage results of this study were rounded to the nearest 

one hundredth of a percent, three percentages could be used to describe the shrinkage 

determined.  These include 0.02, 0.03, and .04 percent.   
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Figure 55 - Average Length Change vs Age (All Mixes) 

 

Influence of Cement Content. 

The cement and water contents were adjusted as required to maintain a constant w/c ratio 

of 0.45 (except for Mix 30) while producing a slump of 2 ½ in. to 3 ½ in.  To accomplish this, 

five cement contents had to be used for the thirty mixes of this study.  Table 17 presents cement 

contents and associated mixes. 

 

Table 17 - Cement Content and Associated Mixes 

Cement Content (lbs/ft3) Mixes 
484.1 7, 11, 13, 16, 17, 19, 20, 25, 26, 28 
512.3 23 
526.4 1, 2, 3, 4, 5, 9, 12, 14, 15, 18, 21, 22, 24, 29, 30 
564 10 

578.1 6, 8, 27 
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Figures 56 through 58 present length change versus age for cement contents of 484.1, 

526.4, and 578.1 PCY, respectively.  The average length change increases as cement and paste 

content increases.  Table 18 presents a summary of percent shrinkage for mixes with cement 

contents of 484.1, 512.3, 526.4, 564, and 578.1 PCY.  The difference in minimum and maximum 

percent shrinkage shown in Table 18 may be attributed to the surface area of aggregate particles, 

entrapped air content, and void content between aggregate particles that is created by combined 

aggregate gradation.  See Chapter 7 for more information on the influence of voids in aggregates 

on shrinkage.  The maximum difference in shrinkage that can be attributed to these factors in this 

study is (-) 0.0144 percent.  These data confirm that cement content and aggregate particle size 

distribution have influence on shrinkage of concrete.  

 

Table 18 – Percent Length Change vs Cement Content 

Cement Content 
(lbs/yd3) 

Average Length 
Change  

Minimum Length 
Change (%) 

Maximum Length 
Change (%) 

Difference (%) 

484.1 -0.0272 -0.0203 -0.0347 -0.0144 
512.33 -0.0330 -0.0330 -0.0330 0 
526.4 -0.0335 -0.0260 -0.0400 -0.0140 
5643 -0.0365 -0.0365 -0.0365 0 
578.1 -0.0417 -0.0373 -0.0417 -0.0044 

   Notes:  
3. This cement content was used for one mix only.  
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Figure 56 - Average Length Change vs Age (484.1 PCY) 
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Figure 57 - Average Length Change vs Age (526.4 PCY) 
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Figure 58 - Average Length Change vs Age (578.1 PCY) 

Influence of CF and AWF.   

Figures 59 and 60 present the influence of CF and AWF on shrinkage, respectfully.  

Figure 59 presents a correlation between the average shrinkage at 448 days and CF.  As 

coarseness factor increases, there is a decrease in the average percent shrinkage.  Figure 60 

presents a correlation between average shrinkage at 448 days and adjusted workability factor 

showing that as AWF increases, shrinkage increases.  These data show a better correlation 

between AWF and shrinkage at 448 days than the correlations with respect to CF and 448 day 

shrinkage. Figure 61 presents average 448 day shrinkage data plotted on the CF chart.    
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Figure 59 - Average Percent Shrinkage vs CF 
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Figure 60 - Average Percent Shrinkage vs AWF 
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Figure 61 - Modified Coarseness Factor Chart (448 Day Shrinkage) 

 

Influence of Adding 1 ½ Gallons of Water PCY. 

Mix 30 was a repeat of Mix 3 and was developed to determined the impact of adding 1 ½ 

gallons of water to a cubic yard to concrete.  While we do not have enough data to draw 

conclusions and recommendations from this limited data, results from this testing are presented 

in Figures 62 and 63.  Based on this limited data, adding 1 ½ gallons of water per cubic yard of 

concrete in Mix 30 reduces the average 28 day compressive strength by 13.3 percent when 

compared to Mix 3.  Adding 1 ½ gallons of water increased the slump by 2 1/4 in. and had little 

impact on length change (shrinkage) relative to Mix 3 as shown in Figure 63. 
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Figure 62 - Average Compressive Strength VS Age (Mixes 3 and 30) 
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Figure 63 - Average Length Change VS Age (Mixes 3 and 30) 
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Chapter 7 – Analysis of Shrinkage Data 

 
Influence of Aggregate Gradation 

Modified Coarseness Factor Chart. 

Data generated in this study show that the primary factor that influences shrinkage is 

paste content of the mixture.  The amount of cement needed in a mixture is influenced by 

finishability, durability, workability, and strength.  Cement content is also influenced by 

combined aggregate gradation that can be quantified by the modified CF chart.  Water and 

cement have to be increased for mixtures with CF and AWF that plot in Zone IV when compared 

to mixtures whose CF and AWF plot within MDOT’s elliptical limits.  This increase in water is 

due to the amount of fines associated with Zone IV which requires additional water to produce 

similar slumps.  Water and cement can be reduced for mixtures with CF and AWF plotting in 

certain areas of Zones I, V, and trend bar when compared to mixtures whose CF and AWF plot 

within MDOT’s elliptical limits on the modified CF chart.  These areas are noted in Figure 25 by 

mixes with cement contents that are less than 526.4 PCY.  This is due to the decrease in water 

content of these areas of Zones I, V, and trend bar required to produce similar slumps as 

mixtures whose CF and AWF plot within MDOT’s elliptical limits. Reducing paste content in 

concrete mixtures results in reduced shrinkage.   

Data in this study show that cement content can be increased or decreased by 94 (one 

sack of cement) pounds per cubic yard.  This increase or decrease is influenced by the mixture’s 

combined aggregate gradation position on the modified CF chart. 

Cement content can be increased by 51.7 pounds per cubic yard or decreased by 42.3 

pounds per cubic yard based on the location of the mixture’s CF and AWF on the modified CF 

chart relative to a mixture with aggregate gradation plotting within MDOT’s elliptical limits.  

These areas are noted in Figure 25 by mixes with cement contents that are less than 526.4 PCY 

(decrease in cement) and cement contents that are greater than 526.4 PCY (increase in cement).   

Figure 64 presents the average percent shrinkage versus cement content for mixtures 

containing 484.1, 512.3, 526.1 (except for Mix 30), 564, and 578.1 pounds of cement per cubic 

yard of concrete.  This figure shows that shrinkage increases as cement content increases.  Using 

the equation provided in Figure 64, reducing cement content from 526.4 PCY to 484.1 PCY 

(42.3 PCY) (less than half a sack of cement) results in a decrease in shrinkage of 0.0042 percent.  
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The average 448 day shrinkage for Mixes 2 and 4 was 0.0369 percent.  Mixes 2 and 4 plotted 

near the center of MDOT’s elliptical limits on the modified CF chart and met MDOT’s 

requirements for combined percent retained on individual sieves except for the pan material on 

Mix 2.  This average can be used to calculate the percent change in shrinkage that can be 

expected if cement content is reduced by 42.3 pounds per cubic yard of concrete by developing 

mixtures with coarseness factors and adjusted workability factors that plot in certain areas of 

Zones I, V, and trend bar instead of plotting within MDOT’s elliptical limits.  This reduction in 

shrinkage is 11.4 percent.  See calculation below: 
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Figure 64 – Average Percent Shrinkage vs Cement Content 
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Voids in Aggregates 
Length change of concrete is influenced by the void space between aggregate particles.  

This void space is filled with cement paste shrinks when exposed to drying conditions.  The 

more void space that is created between aggregate particles the more cement paste has to be used 

to fill the void space.  Figures 65 through 67 present average percent length change versus void 

space of aggregates for mixtures containing 484.1, 564, and 578.1 PCY of cement, respectively.  

Figure 68 presents average percent length change versus void space of aggregates for all mixes.  

These data show a correlation between length change and voids in aggregate. As void content in 

aggregates increase, length change (shrinkage) increases.  In order to reduce the percent length 

change by 0.01 percent, the void content in aggregates would have to be reduced by 4.5 percent 

as shown in Figure 68.        
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Figure 65 - Average Length Change vs Voids in Aggregates (484.1 PCY) 
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Figure 66 - Average Length Change vs Voids in Aggregates (526.4 PCY) 
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Figure 67 - Average Length Change vs Voids in Aggregates (564 PCY) 
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Figure 68 - Average Length Change vs Voids in Aggregates (All Mixes) 

 

Length Change Trends Based on Cement Content 

This section provides information useful for estimating the amount of length change 

expected when using 484.1, 526.4, and 578.1 pounds of cement per cubic yard with various 

aggregate gradations.  Each of the mixes has a w/c ratio of 0.45 except for Mix 30.  It is 

important to note that data included herein are based on one source of portland cement, one 

source of fine and coarse aggregates, and no admixtures.  All of these factors will influence the 

rate of length change and the ultimate length change of concrete. 

Regression Analysis. 

Figures 69 through 71 present graphs of average percent length change for mixes with 

cement contents of 484.1, 526.4, and 578.1 PCY, respectively.  These data were plotted and a 

regression analysis performed.  The curve developed is defined by a polynomial equation that 

may be useful in predicting shrinkage for mixes with similar characteristics.  
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Figure 69 – Average Length Change vs Age (484.1 PCY) 
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Figure 70 - Average Length Change vs Age (526.4 PCY) 
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Figure 71 - Average Length Change vs Age (578.1 PCY) 

Influence of Voids in Aggregates   on Shrinkage.  
Figures 72 through 74 present graphs of average shrinkage for all mixes containing 

cement contents of 484.1, 526.4, and 578.1 PCY, respectively.  Regression analysis includes the 

maximum and minimum length changes (shrinkage) as well as the average shrinkage for these 

cement contents.  The only difference in the mixes is the aggregate gradations.  Therefore, the 

difference between the maximum and minimum regression lines is due to the combined 

aggregate gradation of each mix.  Specifically, the maximum and minimum curves show the 

range of shrinkage percentages that can be expected from the three cement contents shown.  
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Figure 72 – Average Length Change (Shrinkage) vs Age (484.1 PCY)  
(Maximum, Minimum, and Average Shrinkage) 
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Figure 73 – Average Length Change (Shrinkage) vs Age (526.4 PCY)   
(Maximum, Minimum, and Average Shrinkage) 
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Figure 74 – Average Length Change (Shrinkage) vs Age (578.1 PCY)  

(Maximum, Minimum, and Average Shrinkage) 

Percentage of Ultimate Length Change 
It is not practical to have to wait 476 days from the time a laboratory mixture is made 

until ultimate percent length change results are available for mixtures used for construction.  

Figures 75 through 77 can be useful in estimating the ultimate percent length change from results 

of specimens cured for twenty-eight days in humidity and temperature controlled room.  The 

length change at each age was compared to the 448 day length change.  The percentage of 

ultimate length change was then calculated and a plot was developed showing percentage of 

ultimate length change versus age.  All readings that showed expansion during the first twenty-

eight days in the humidity and temperature controlled room were omitted from these figures in 

order to perform regression analysis.   

Trend lines along with equations were developed so percent of ultimate shrinkage can be 

determined at any age.  Three trend lines are shown in Figures 75, 76, and 77 representing 

cement contents of 484.1, 526.4, and 578.1 PCY, respectfully.  Maximum, minimum, and 

average percentage of ultimate length change are shown for each cement content.  
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Percent of ultimate length change at 28 days of curing in a humidity and temperature 

controlled room values are tabulated in Table 19.  Based on these data, the average minimum 

percent of ultimate shrinkage at twenty-eight days in a temperature and humidity controlled 

room is 38 percent.  This 38 percent can be multiplied by the specified ultimate shrinkage to 

determine the maximum shrinkage allowed at 28 days.     
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Figure 75 - Percentage of Ultimate Length Changes vs Age (484.1 PCY) 
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Figure 76 - Percentage of Ultimate Length Change vs Age (526.4 PCY) 

y = 18.661ln(x) - 14.51
R² = 0.9702

y = 18.699ln(x) - 7.1457
R² = 0.9536

y = 18.743ln(x) - 10.981
R² = 0.972

0.00

20.00

40.00

60.00

80.00

100.00

120.00

0 28 56 84 112 140 168 196 224 252 280 308 336 364 392 420 448

P
er

ce
nt

ag
e 

of
  U

lit
m

at
e 

Le
ng

th
 C

ha
ng

e

Age (Days)

Mixes 6, 8, 27

Portland Cement Content  578.1 PCY

w/c ratio 0.45

Slump 3 in.

Admixtures None

 

Figure 77 - Percentage of Ultimate Length Change vs Age (578.1 PCY) 
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Table 19 - Percent of Ultimate Length Change at 28 Days 

Percentage of 
Ultimate Shrinkage 

Calculated at 28 
Days in Temperate 

and Humidity 
Controlled Room  

Cement Content (PCY) 

Average 
484.1 526.4 578.1 

Maximum 56 58 55 56 
Average 43 47 51 47 

Minimum 38 27 48 38 
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Chapter 8 - Conclusions and Recommendations 

 Conclusions and recommendations are based on data sets generated from mixture 

proportions and materials used in this research.  These data represent results from mixtures that 

used one source of portland cement and one source of fine and coarse aggregates and no 

chemical admixture.  Conclusions and recommendations may not be applicable for mixtures 

made with any other sources of materials or other mixture proportions than those used in this 

study. 

 

Conclusions 

Water Demand and Cement Content. 

Data in the study was used to compare performance of mixtures with combined aggregate 

gradations plotting in different zones of the modified coarseness factor chart.  Mixtures having 

combined aggregate gradations with coarseness factors (CF) and adjusted workability factors 

(AWF) that plot in certain areas of Zones I, Zone V, and trend bar require less water to produce a 

given slump when compared to mixtures with CF and AWF plotting within MDOT’s elliptical 

limits on the modified CF chart.  These areas are noted in Figure 25 by mixes with cement 

contents that are less than 526.4 PCY.  This is due to combined aggregate gradations that plot in 

these areas of Zone I, Zone V, and trend bar providing better workability that requires less water 

for a given slump.  Mixtures having combined aggregate gradations with coarseness factors and 

adjusted workability factors that plot in Zone IV require more water to produce a given slump 

when compared to mixtures that plot in MDOT’s elliptical limits.  This is because there are too 

many fines associated with mixtures whose CF and AWF plot in Zone IV.  If the goal of the 

mixture designer is to create a combined aggregate gradation that reduces that amount of water 

and cement required to produce a given slump, then certain areas of Zone I, V and trend bar need 

to be utilized.   

Data in this study show that if w/c ratio remains constant, then water demand per cubic 

yard can increase by 23.3 PCY as CF and AWF moves from MDOT’s ellipse to Zone IV.  This 

requires an additional 51.7 pounds of cement PCY to keep the same water cement ratio.  Zone IV 

should be avoided because of the increase in water demand due to the excessive amount of fines 

associated with this zone.    
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Data in this study show that water demand per cubic yard can be reduced by up to 19 

PCY when CF and AWF moves from MDOT’s elliptical limits to certain areas of Zone I, Zone 

V and trend bar.  These areas are noted in Figure 25 by mixes with cement contents that are less 

than 526.4 PCY.  If w/c ratio remains constant, then the cement content can be reduced by 42.3 

PCY if water content is reduced by 19 PCY   

Data in this study show that a reduction in cement and water can be achieved as 

coarseness factor and adjusted workability factor move from MDOT’s elliptical limits on the CF 

chart to certain areas of Zone I, Zone V and trend bar. These areas are noted in Figure 25 by 

mixes with cement contents that are less than 526.4 PCY.  In addition, data in this study show 

that an increase in cement and water is required as CF and AWF moves from MDOT’s elliptical 

limits on the modified CF chart to Zone IV.      

Workability Index.   

A test method was developed for this study to determine the ease of which concrete can 

be placed, consolidated, and finished using a modified slump test.  This test method produces a 

workability index (WI) that can be used to estimate how different mixtures will consolidate and 

finish under field conditions.  If the goal of the concrete mixture designer is to have the highest 

workability index (high workability in the field), the target CF and AWF of the aggregate 

grading for the mixtures should plot between CF 40 and CF 50 within Zones II and III.  High WI 

was also observed in Zone IV, but this zone should not be used because of the high water 

demand associated with this zone.  In addition, mixes with CF and AWF plotting in certain areas 

of Zones I, V and trend bar can provide workability index values similar to CF and AWF plotting 

in MDOT’s elliptical limits on the modified CF chart. These areas are noted in Figure 35 with 

WI in the range of 5 to 7.2 in.     

Unit Weight and Voids in Aggregate. 

If the goal of the concrete mixture designer is to create a  combined aggregate grading 

that produces the least amount of void space in aggregate, rules of thumb such as the “8-18” rule 

may provide guide lines but do not always provide the least amount of void space between 

aggregate particles.  Mississippi gravel aggregates were combined in this study to produce voids 

in aggregates that ranged from a low of 19.4 percent to a high of 24.4 percent.  The 19.4 percent 

voids did not occur in a mix that complied with MDOT’s limits for combined percent retained on 

individual sieves, but occurred with a combined percent retained chart that had an excess of 1 in 
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and ½ in. material and a deficiency of No, 4, No. 8, and No. 16 when compared to MDOT’s 

requirements.   

The “hay stack” gradations of Mixes 2 and 4 met all requirements for combined percent 

retained on individual sieves found in ACI 302.1R section 5.4.3 and MDOT’s specifications for 

Class BD concrete except for the amount of pan material on Mix 2.  Even though combined 

aggregate gradations of Mixes 2 and 4 met all of these requirements, they produced mixtures 

with moderate to high percent voids contents in aggregate.   

Compressive Strength. 

All thirty mixtures had compressive strength that exceeded MDOT’s requirement of 

4,000 psi in 28 days for class BD concrete.  In general, as the AWF increases the compressive 

strengths decrease because of the increased voids created by excessive fines. 

 Percent Length Change. 

The average length change increases as paste content increases.  The difference in 

minimum and maximum percent shrinkage shown in Table 18 can be may be attributed to the 

surface area of aggregate particles, entrapped air content, and void content between aggregate 

particles that is created by combined aggregate gradation. The maximum difference in shrinkage 

that can be attributed in this study to these factors is 0.0144 percent.  Data in this study confirm 

that both paste content and combined aggregate gradation both have influence on shrinkage of 

concrete.  

Recommendations 

 We recommend that MDOT consider expanding the elliptical limits of the modified CF 

chart to include certain areas of Zone I, Zone III, Zone V, and trend bar. Figure 78 presents a 

superimposed rectangle that delineates the recommend zone on the modified CF chart for 1 in. 

nominal maximum size Mississippi gravel aggregate gradations used for bridge deck concrete.  

The area of this rectangle is 420 square units of the modified CF chart and the corner coordinates 

of this rectangle are shown in Figure 78.  The area of MDOT’s elliptical limits is 163.4 square 

units of the modified CF chart.  The recommend change in area is 256.6 square units or a 257 

percent increase in size with respect to MDOT’s elliptical limits.  



  99

15

20

25

30

35

40

45

50

3035404550556065707580859095

A
dj

us
te

d 
W

or
ka

bi
lit

y F
ac

to
r

%
 p

as
si

ng
 N

o.
 8

 s
ie

ve
 

Coarseness Factor
% plus No. 8 retained on 3/8 in. sieve

MDOT's 
Elliptical  Limits

Zone III

Zone V

Zone I

Zone II

Rectangle Denotes
Optimal Zone For

1 in. Nominal 
Maximum Size  

Mississippi Gravel

CF = 80
AWF = 40

Zone IV

CF = 45
AWF = 28

CF = 45
AWF = 40

CF = 80
AWF = 28

 
Figure 78 - Recommend Optimal Zone on the Modified Coarseness Factor Chart (1 in. 

Nominal Maximum Size Mississippi Gravel) 
 

 Mixes included in this study with combined aggregate gradations producing low void 

contents (less than 21%) may be used to set limits for percent retained on individual sieves.  

These limits are presented in Figure 79 and Table 20.  We recommend that MDOT revise 

requirements for percent retained on individual sieves to the values shown in Figure 79 and 

Table 20.  In addition, we recommend that MDOT require that the dry rodded unit weight and 

voids in aggregate calculations be included in mixture design submittals with a maximum value 

of 21 percent voids.  Figures 80 and 81 are provided to show the recommended limits 
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superimposed on percent retained on individual sieves for all mixes included in this research and 

MDOT’s limits for percent retained on individual sieves, respectively. 
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Figure 79 - Recommended Limits for Percent Retained on Individual Sieves 
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Figure 80 - Recommended Limits for Percent Retained on Individual Sieves Superimposed 
on Percent Retained on Individual Sieves used for Research Mixes 
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Figure 81 - Recommended Limits for Percent Retained on Individual Sieves Superimposed 
on MDOT's Limits for Percent Retained on Individual Sieves 

 

 

Table 20 - Recommended Combined Percent Retained on Individual Sieves 

MDOT 

Combined Percent Retained on Individual Sieves 

1-1/2 in. 1 in. ¾ in. ½ in. 3/8 in. No. 
4 

No. 
8 

No. 
16 

No. 
30 

No. 
50 

No. 
100 Pan 

0 2-6 5-22 8-22 8-22 8-22 8-22 8-18 8-15 5-18 0-6 0-2 

Recommended 0 4-11 8-17 11-25 7-17 5-26 1-12 3-15 7-13 7-21 4-8 0-3 
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We recommend that MDOT establish an option for contractors to submit percent 

shrinkage data in lieu of meeting limits of the modified coarseness factor chart and the combined 

percent retained chart.  Ultimate shrinkage values in this study, when rounded to the nearest one 

hundred percent, can be summarized by three percentages.  These percentages are 0.02, 0.03, and 

0.04 percent.  We recommend that the ultimate percent shrinkage limit be set at 0.02 percent 

when rounded to the nearest one hundredth which represents the lowest shrinkage values 

determined by the research mixes of this study.  We recommend that a shrinkage limit can also 

be established at 28 days of curing in a temperature and humidity controlled environment of 50% 

± 4% relative humidity and 73 ± 3 º F with initial curing in accordance with AASHTO T 160 / 

ASTM C 157.  The shrinkage at 28 days in the temperate and humidity controlled room should 

not exceed 0.01 percent when rounded to the nearest one hundredth.  This 28 day shrinkage is 38 

percent of the recommended ultimate shrinkage of 0.02 percent and is based on the average 

minimum percent of ultimate shrinkage determined in this study and presented in Table 19.  

 

We recommend that the maximum cementitious content for MDOT Class BD concrete be 

reduced from 564 PCY to 526.4 PCY to reduce shrinkage.  We recommend that MDOT allow 

contractors to choose the maximum air content for MDOT Class BD from a range of 6 to 8 

percent.  This range will allow the contractor to select higher air content if it is needed to 

improve workability or a lower air content if required to achieve desired compressive strength.   
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Research Opportunities 
 

1. A research project should be conducted to validate data of this study on concrete mixtures 

that meet MDOT’s criteria for chemical admixtures, strength, and fresh properties using 

various sources of gravel aggregate. 

2. A research project should be conducted to determine if aggregate absorption has a 

significant impact on shrinkage. 

3. A field study should be conducted to validate workability and pumpability of mixtures 

following recommendations provided in this report. 
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Curing Method Influences on Shrinkage of Gravel Aggregate Concrete 
 

Additional testing was performed on Mix 1 to determined the influence of initial curing 

conditions on prism specimens used to measure length change of harden concrete.  Four methods 

of initial curing was testing include; 1) 7 day water soak, 2) 14 day water soak, 3) 28 day water 

soak, and 4) curing compound.  Results of this testing is included in Figure 82. 

The data show that the longer the specimens cure in a water bath, the less shrinkage is to 

be expected.  Tables 21 and 22 present a comparison of length change of each curing method and 

compares shrinkage with shrinkage determined from specimens cured in a water bath for 28 

days.     
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Figure 82 - Influence of Initial Curing on Length Change Specimens 
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Table 21 - Influence of Initial Curing - 448 Day Shrinkage 

Initial Curing 448 Day Shrinkage (%) Percent of 448 Day Shrinkage (%) 
28 Day Water Soak -0.0310 100 
14 Day Water Soak -0.0323 104 
7 Day Water Soak -0.0363 117 
Curing Compound -0.0385 124 

 

Table 22 - Influence of Initial Curing - 28 Day Shrinkage 

Initial Curing 28 Day Shrinkage (%) Percent of 28 Day Shrinkage (%) 
28 Day Water Soak -0.0120 100 
14 Day Water Soak -0.0140 117 
7 Day Water Soak -0.0163 136 
Curing Compound -0.0185 154 
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Appendix B 

Raw Data: 

Concrete Mixtures, Length Change, Dry Rodded Unit Weight of Aggregates 
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Project: 090594 Date: 06/28/10

Material: Mix 1.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

79.18 78.88

125.810 125.210

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 20.3

Robert Varner, P.E.     7/9/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 125.510

Bulk Dry Specific Gravity of Aggregate, S 2.5290

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 06/29/10

Material: Mix 2.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.11 78.27

123.670 123.990

Reviewed By:

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231

Void Content, % = 100[(S*W)-M]/(S*W) 21.5

Robert Varner, P.E.

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.830

Bulk Dry Specific Gravity of Aggregate, S 2.5320

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V
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Project: 090594 Date: 06/30/10

Material: Mix 3.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.59 78.59

124.630 124.630

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 21.1

Robert Varner, P.E.     7/20/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 124.630

Bulk Dry Specific Gravity of Aggregate, S 2.5340

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/01/10

Material: Mix 4.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

76.41 77.17

120.260 121.780

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 23.3

Robert Varner, P.E.     7/10/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 121.020

Bulk Dry Specific Gravity of Aggregate, S 2.5320

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/12/10

Material: Mix 5.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

75.79 75.33

119.020 118.100

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 24.4

Robert Varner, P.E.     7/12/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 118.560

Bulk Dry Specific Gravity of Aggregate, S 2.5170

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO  T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/13/10

Material: Mix 6.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.00 78.15

123.450 123.750

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 22.3

Robert Varner, P.E.     7/14/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.600

Bulk Dry Specific Gravity of Aggregate, S 2.5530

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/14/10

Material: Mix 7.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

77.89 77.83

123.230 123.110

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 21.6

Robert Varner, P.E.     7/16/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.170

Bulk Dry Specific Gravity of Aggregate, S 2.5220

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 07/14/10

Material: Mix 8.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

79.85 79.20

127.150 125.850

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 20.2

Robert Varner, P.E.     7/16/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 126.500

Bulk Dry Specific Gravity of Aggregate, S 2.5450

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/15/10

Material: Mix 9.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

74.60 76.50

116.630 120.440

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 24.3

Robert Varner, P.E.     7/16/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 118.540

Bulk Dry Specific Gravity of Aggregate, S 2.5140

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/15/10

Material: Mix 10.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.25 77.35

123.950 122.140

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 22.3

Robert Varner, P.E.     7/16/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.050

Bulk Dry Specific Gravity of Aggregate, S 2.5430

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/22/10

Material: Mix 11.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.91 78.63

125.270 124.710

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 20.7

Robert Varner, P.E.     7/22/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 124.990

Bulk Dry Specific Gravity of Aggregate, S 2.5290

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/19/10

Material: Mix 12.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

77.37 77.42

122.180 122.280

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 22.7

Robert Varner, P.E.     7/20/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 122.230

Bulk Dry Specific Gravity of Aggregate, S 2.5390

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 07/26/10

Material: Mix 13.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.60 78.46

124.650 124.370

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 21.0

Robert Varner, P.E.     7/26/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 124.510

Bulk Dry Specific Gravity of Aggregate, S 2.5300

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/26/10

Material: Mix 14.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.85 79.35

125.150 126.150

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 20.5

Robert Varner, P.E.     7/27/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 125.650

Bulk Dry Specific Gravity of Aggregate, S 2.5370

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/27/10

Material: Mix 15.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.65 78.55

124.750 124.550

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 20.9

Robert Varner, P.E.     7/27/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 124.650

Bulk Dry Specific Gravity of Aggregate, S 2.5300

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/27/10

Material: Mix 16.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.33 79.11

124.110 125.670

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 20.5

Robert Varner, P.E.     7/27/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 124.890

Bulk Dry Specific Gravity of Aggregate, S 2.5230

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/29/10

Material: Mix 17.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

77.87 78.26

123.190 123.970

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 21.4

Robert Varner, P.E.     7/29/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.580

Bulk Dry Specific Gravity of Aggregate, S 2.5240

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 07/28/10

Material: Mix 18.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

77.72 78.65

122.890 124.750

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 21.5

Robert Varner, P.E.    7/30/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.820

Bulk Dry Specific Gravity of Aggregate, S 2.5320

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 07/29/10

Material: Mix 19.0 Technician:

1 2

0.499 0.499

16.40 16.40

76.83 76.24

121.100 119.920

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 23.1

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 120.510

Bulk Dry Specific Gravity of Aggregate, S 2.5160

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (ASTM C 29)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 08/02/10

Material: Mix 20.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

75.87 77.81

119.180 123.070

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 22.8

Robert Varner, P.E.     8/2/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 121.130

Bulk Dry Specific Gravity of Aggregate, S 2.5170

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

 

 

169



    

P
ro

je
ct

:
M

IX
21

.0
M

IX
 N

U
M

B
ER

N
ot

es
:

S
et

 #
:

M
M

16
M

IX
D

at
e:

f'c
:

De
si

gn
 w

/c
 ra

tio
0.

45
0

1.
25

Fa
ct

or
:

0.
05

D
ES

IG
N

DR
Y

AG
G

AG
G

A
G

G
Fr

ee
Ba

tc
h

DR
Y 

M
ix

DR
Y 

M
ix

Ad
ju

st
ed

Ac
tu

al
IN

FO
Sp

ec
ifi

c
Ab

so
rp

-
D

ry
 U

.W
M

oi
st

ur
e

H2
0

Fr
ee

 
Vo

lu
m

e
1 

cu
 y

d
la

b 
ba

tc
h

la
b 

ba
tc

h
la

b 
ba

tc
h

M
at

er
ia

l
M

in
M

ax
De

si
gn

G
ra

vi
ty

tio
n

0.
62

5
C

on
te

nt
C

on
te

nt
H2

O
(c

.f.
)

W
t. 

(lb
s.

)
W

t. 
(lb

s.
)

W
t. 

(lb
s.

)
W

t. 
(lb

s.
)

En
tra

pp
ed

 A
ir

2.
50

%
0.

67
50

W
at

er
1.

00
0

3.
79

60
23

6.
88

00
10

.9
67

0
13

.0
02

0
13

Ce
m

en
tit

io
us

 1
3.

15
2.

67
80

52
6.

40
00

24
.3

70
0

24
.3

70
0

24
.3

7
1.

0 
in

2.
0

   
   

  
6.

0
   

  
5.

79
00

2.
47

70
2.

20
0%

4.
11

   
   

 
-

   
   

   
 

-2
.2

00
%

-0
.1

8
1.

14
90

17
7.

65
30

8.
22

50
8.

22
50

8.
27

3/
4 

in
5.

0
   

   
  

22
.0

   
12

.7
10

0
2.

47
70

2.
20

0%
9.

03
   

   
 

-
   

   
   

 
-2

.2
00

%
-0

.4
0

2.
52

30
38

9.
97

70
18

.0
54

0
18

.0
54

0
18

.0
5

48
.0

0
1/

2 
in

8.
0

   
   

  
22

.0
   

19
.0

70
0

2.
47

70
2.

20
0%

13
.5

4
   

  
-

   
   

   
 

-2
.2

00
%

-0
.6

0
3.

78
60

58
5.

11
80

27
.0

89
0

27
.0

89
0

27
.0

9
12

.0
0

3/
8 

in
8.

0
   

   
  

22
.0

   
10

.4
30

0
2.

47
70

2.
20

0%
7.

41
   

   
 

-
   

   
   

 
-2

.2
00

%
-0

.3
3

2.
07

00
32

0.
02

00
14

.8
16

0
14

.8
16

0
14

.8
2

40
.0

0
No

 4
8.

0
   

   
  

22
.0

   
10

.5
60

0
2.

48
80

2.
20

0%
7.

53
   

   
 

-
   

   
   

 
-2

.2
00

%
-0

.3
3

2.
09

60
32

5.
44

80
15

.0
67

0
15

.0
67

0
15

.7
2.

53
70

No
 8

8.
0

   
   

  
22

.0
   

1.
44

00
2.

48
80

2.
20

0%
1.

03
   

   
 

-
   

   
   

 
-2

.2
00

%
-0

.0
5

0.
28

60
44

.3
79

0
2.

05
50

2.
05

50
2.

06
1.

42
00

No
 1

6
8.

0
   

   
  

18
.0

   
3.

86
00

2.
62

80
0.

26
0%

2.
91

   
   

 
-

   
   

   
 

-0
.2

60
%

-0
.0

2
0.

76
60

12
5.

65
50

5.
81

70
5.

81
70

5.
82

No
 3

0
8.

0
   

   
  

15
.0

   
9.

20
00

2.
62

80
0.

26
0%

6.
93

   
   

 
-

   
   

   
 

-0
.2

60
%

-0
.0

4
1.

82
60

29
9.

48
90

13
.8

65
0

13
.8

65
0

13
.8

7
7.

6
in

ch
es

No
 5

0
5.

0
   

   
  

18
.0

   
21

.1
60

0
2.

62
80

0.
26

0%
15

.9
4

   
  

-
   

   
   

 
-0

.2
60

%
-0

.0
8

4.
20

00
68

8.
82

40
31

.8
90

0
31

.8
90

0
31

.8
9

2.
75

in
ch

es

No
 1

00
-

   
   

   
6.

0
   

  
5.

70
00

2.
62

80
0.

26
0%

4.
30

   
   

 
-

   
   

   
 

-0
.2

60
%

-0
.0

2
1.

13
20

18
5.

55
30

8.
59

00
8.

59
00

8.
59

7.
5

in
ch

es

Pa
n

-
   

   
   

2.
0

   
  

0.
09

00
2.

53
70

1.
42

0%
0.

07
   

   
 

-
   

   
   

 
-1

.4
20

%
0.

00
0.

01
80

2.
82

80
0.

13
10

0.
13

10
0.

13
13

.3
75

in
ch

es

To
ta

l G
ra

d%
10

0.
0

   
  

72
.8

0
-2

.0
4

27
.0

01
0

39
08

.2
24

0
18

0.
93

60
18

2.
97

10
18

3.
66

00
14

.3
75

in
ch

es
Fi

ne
ne

ss
 M

od
0.

75

Q
23

.0
72

.0
48

.0
AG

E
ps

i
Av

g.
 p

si
I

16
.0

44
.0

12
.0

D
at

e
4x

8 
CY

LI
ND

ER
S

W
21

.0
59

.0
40

.0
1

23
10

CF
 A

ct
ua

l
52

.4
69

.6
80

.0
1

21
90

W
F 

Ac
tu

al
40

.0
7

42
40

AW
F

24
.4

47
.6

39
.0

1
   

  
7

44
10

14
48

00
14

45
90

28
52

20
28

54
90

28
55

40
56

56
90

56
56

10

 

Ba
tc

h 
Ti

m
e

3.
50

14
8.

45
0.

45
0

S
am

pl
e 

Ti
m

e
5.

40
14

5.
80

0.
45

0
Ai

r 
Te

m
p.

41
.8

5
1.

79
14

4.
74

M
ix

 T
em

p.
0.

25
0

1.
26

0.
71

R
ev

ie
w

ed
 b

y:
S

lu
m

p,
 in

.
23

.7
9

1.
01

5.
60

8/
2/

20
10

4,
00

0 
ps

i
S

iz
e(

c.
f.)

:
Pa

n 
Bl

en
d 

= 
0.

06
, 0

.0
2,

 0
.0

5
%

 R
et

ai
ne

d
M

DO
T

B
ur

ns
 C

oo
le

y 
D

en
ni

s,
 In

c 
- S

ta
te

 S
tu

dy
 N

o.
 2

31
C

om
m

en
ts

 / 
N

ot
es

 / 
O

bs
er

va
tio

ns
C

us
to

m
er

:
M

D
O

T
09

05
94

M
ix

 2
1 

- M
an

uf
ac

tu
re

d 
Bl

en
d;

 8
0/

40
M

M
16

O
pt

im
iz

in
g 

M
S

 A
gg

re
ga

te
s 

fo
r C

on
cr

et
e 

B
rid

ge
 D

ec
ks

W
or

ka
bi

lit
y 

M
ea

su
re

m
en

ts
W

or
ka

bi
lit

y 
In

de
x

Pr
e 

Vi
b 

Sl
um

p
Po

st
 V

ib
.S

lu
m

p
Sp

re
ad

 L
en

gt
h

Sp
re

ad
 W

id
th

M
ix

 P
er

ce
nt

 b
y 

W
ei

gh
t

N
o.

 5
7

No
. 8

S
an

d
C

om
bi

ne
d 

G
ra

vi
ty

 D
ry

Co
m

bi
ne

d 
Ab

so
rp

tio
n

08
/3

0/
10

54
17

09
/2

7/
10

56
50

Te
ch

ni
ci

an
 w

ho
 

co
nd

uc
te

d 
te

st
s:

P
la

st
ic

 T
es

t R
es

ul
ts

St
re

ng
th

 T
es

t R
es

ul
ts

08
/0

3/
10

22
50

08
/0

9/
10

43
25

08
/1

6/
10

46
95

74
.2

B
uc

ke
t F

ul
l

Th
eo

re
ct

ia
l A

ir
D

es
ig

n 
U

ni
t W

t
70

.5
B

uc
ke

t V
ol

um
e

Y
ie

ld
Fi

ne
/C

oa
rs

e

10
:2

1 
A

M
%

 A
ir

U
ni

t W
t w

/o
 A

ir
D

es
ig

n 
w

/c
10

:3
0 

A
M

B
uc

ke
t W

ei
gh

t
U

ni
t W

t (
pc

f)
A

ct
ua

l w
/c

3.
00

P
as

te
 V

ol
um

e 
(%

)
R

el
at

ive
 Y

ie
ld

B
ag

 F
ac

to
r

R
ob

er
t V

ar
ne

r, 
P

.E
.  

   
8/

2/
20

10

 -

 5
.0

 1
0.

0

 1
5.

0

 2
0.

0

 2
5.

0

1.
0 

in
3/

4 
in

1/
2 

in
3/

8 
in

N
o 

4
N

o 
8

N
o 

16
N

o 
30

N
o 

50
N

o 
10

0
P

an

Percent Retained

Si
ev

e 
Si

ze
s

Co
m

bi
ne

d 
G

ra
da

tio
n

M
in

im
um

M
ax

im
um

D
es

ig
n 

G
ra

da
tio

n

80
.0

, 
40

.0

2025303540455055

0
10

20
30

40
50

60
70

80
90

10
0

Workability Factor (%)

Co
ar

se
ne

ss
 F

ac
to

r (
%

)

D
es

ig
n 

-
M

od
ifi

ed
 C

oa
rs

en
es

s 
Fa

ct
or

 C
ha

rt

 

170



    

B
C

D
 J

O
B

 N
O

.
09

05
94

Sp
ec

im
en

Le
ng

th
 o

f 
St

an
da

rd
 

B
ar

 
D

is
ta

nc
e 

B
et

w
. 

St
ud

s 
(0

.0
00

1 
in

.)

Le
ng

th
  

St
ud

 1
 

(0
.0

00
1 

in
ch

es
)

Le
ng

th
 

St
ud

 2
 

(0
.0

00
1 

in
ch

es
)

M
ea

su
re

d 
Le

ng
th

 o
f 

Sp
ec

im
en

C
om

bi
ne

d 
St

ud
 

Le
ng

th

N
et

 
D

is
ta

nc
e 

be
tw

 
St

ud
s

1
10

.0
00

0
0.

81
45

0.
81

35
11

.5
76

80
1.

62
80

9.
94

88
M

ix
 N

um
be

r
M

ix
 2

1.
0

2
10

.0
00

0
0.

81
50

0.
81

45
11

.6
11

35
1.

62
95

9.
98

19
M

ix
 D

at
e

M
on

da
y,

 A
ug

us
t 0

2,
 2

01
0

M
ix

 T
im

e:
10

:2
1 

AM
3

10
.0

00
0

0.
81

50
0.

81
40

11
.6

20
80

1.
62

90
9.

99
18

G
ag

e 
Le

ng
th

 (i
n.

)

10
Sp

ec
im

en
 

1
R

ef
er

en
ce

 
B

ar
 1

Δ
 L

en
gt

h 
1

Sp
ec

im
en

 
2

R
ef

er
en

ce
 

B
ar

 2
Δ

 L
en

gt
h 

2
Sp

ec
im

en
 

3
R

ef
er

en
ce

 
B

ar
 3

Δ
 L

en
gt

h 
3

Av
er

ag
e

Sp
ec

im
en

 A
ge

Te
st

 d
at

e
(.0

00
1 

in
.)

(.0
00

1 
in

.)
In

ch
es

(.0
00

1 
in

.)
(.0

00
1 

in
.)

In
ch

es
(.0

00
1 

in
.)

(.0
00

1 
in

.)
In

ch
es

In
ch

es
1

Tu
es

da
y,

 A
ug

us
t 0

3,
 2

01
0

0.
05

24
0.

10
03

-0
.0

47
9

0.
08

77
0.

10
03

-0
.0

12
6

0.
09

63
0.

10
03

-0
.0

04
0

-0
.0

21
5

M
/R

m

Sp
ec

im
en

 
1

R
ef

er
en

ce
 

B
ar

 1
Δ

 L
en

gt
h 

1
Sp

ec
im

en
 

2
R

ef
er

en
ce

 
B

ar
 2

Δ
 L

en
gt

h 
2

Sp
ec

im
en

 
3

R
ef

er
en

ce
 

B
ar

 3
Δ

 L
en

gt
h 

3
Av

er
ag

e
(.0

00
1 

in
.)

(.0
00

1 
in

.)
(0

.0
00

1%
)

(.0
00

1 
in

.)
(.0

00
1 

in
.)

(0
.0

00
1%

)
(.0

00
1 

in
.)

(.0
00

1 
in

.)
(0

.0
00

1%
)

(.0
00

1%
)

28
M

on
da

y,
 A

ug
us

t 3
0,

 2
01

0
0.

05
29

0.
10

01
0.

00
70

0.
08

93
0.

10
01

0.
01

80
0.

09
68

0.
10

01
0.

00
70

0.
01

07
32

Fr
id

ay
, S

ep
te

m
be

r 0
3,

 2
01

0
0.

05
22

0.
10

01
0.

00
00

0.
08

84
0.

10
01

0.
00

90
0.

09
60

0.
10

01
-0

.0
01

0
0.

00
27

35
M

on
da

y,
 S

ep
te

m
be

r 0
6,

 2
01

0
0.

05
18

0.
10

01
-0

.0
04

0
0.

08
79

0.
10

01
0.

00
40

0.
09

58
0.

10
01

-0
.0

03
0

-0
.0

01
0

42
M

on
da

y,
 S

ep
te

m
be

r 1
3,

 2
01

0
0.

05
14

0.
09

98
-0

.0
05

0
0.

08
73

0.
09

98
0.

00
10

0.
09

53
0.

09
98

-0
.0

05
0

-0
.0

03
0

56
M

on
da

y,
 S

ep
te

m
be

r 2
7,

 2
01

0
0.

05
05

0.
09

96
-0

.0
12

0
0.

08
63

0.
09

96
-0

.0
07

0
0.

09
46

0.
09

96
-0

.0
10

0
-0

.0
09

7
84

M
on

da
y,

 O
ct

ob
er

 2
5,

 2
01

0
0.

05
05

0.
10

08
-0

.0
24

0
0.

08
69

0.
10

08
-0

.0
13

0
0.

09
53

0.
10

08
-0

.0
15

0
-0

.0
17

3
14

0
M

on
da

y,
 D

ec
em

be
r 2

0,
 2

01
0

0.
04

99
0.

10
07

-0
.0

29
0

0.
08

62
0.

10
07

-0
.0

19
0

0.
09

43
0.

10
07

-0
.0

24
0

-0
.0

24
0

25
2

M
on

da
y,

 A
pr

il 1
1,

 2
01

1
0.

04
95

0.
10

03
-0

.0
29

0
0.

08
56

0.
10

03
-0

.0
21

0
0.

09
40

0.
10

03
-0

.0
23

0
-0

.0
24

3
47

6
M

on
da

y,
 N

ov
em

be
r 2

1,
 2

01
1

0.
04

99
0.

10
08

-0
.0

30
0

0.
08

59
0.

10
08

-0
.0

23
0

0.
09

43
0.

10
08

-0
.0

25
0

-0
.0

26
0

N
ot

e:
 L

ow
es

t R
ea

di
ng

 V
al

ue
 R

ec
or

de
d.

R
ev

ie
w

ed
 B

y:
D

at
e:

8/
9/

20
12

S
ta

te
 S

tu
dy

 2
31

 - 
A

S
TM

 C
 1

57
 S

hr
in

ka
ge

 T
es

tin
g

27
8 

C
O

M
M

ER
C

E 
PA

R
K

 D
R

IV
E

B
U

S:
 (6

01
) 8

56
-2

33
2

R
ID

G
EL

AN
D

, M
S 

39
15

7
FA

X:
 (6

01
) 8

56
-3

55
2

M
ea

su
re

m
en

ts
 R

eq
ui

re
d 

B
ef

or
e 

M
ak

in
g 

Sp
ec

im
en

s

B
UR

NS
 C

O
O

LE
Y 

D
EN

NI
S,

 IN
C

.
G

EO
TE

C
HN

IC
AL

 &
 M

AT
ER

IA
LS

 C
O

NS
UL

TA
NT

S

Soak Shrinkage Room

SH
RI

NK
AG

E 
TE

ST
IN

G
 - 

AS
TM

 C
15

7
IN

IT
IA

L 
RE

AD
IN

G
S

LE
NG

TH
 C

HA
NG

E 
C

AL
C

UL
AT

IO
NS

R
ob

er
t V

ar
ne

r, 
P

.E
.

171



 

 

 

Project: 090594 Date: 08/02/10

Material: Mix 21.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.98 79.48

125.410 126.410

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 20.3

Robert Varner, P.E.     8/2/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 125.910

Bulk Dry Specific Gravity of Aggregate, S 2.5370

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 08/03/10

Material: Mix 22.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.03 77.61

123.510 122.670

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 22.2

Robert Varner, P.E.     8/3/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.090

Bulk Dry Specific Gravity of Aggregate, S 2.5390

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 08/09/10

Material: Mix 23.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

77.93 78.34

123.310 124.130

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 21.4

Robert Varner, P.E.     8/11/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 123.720

Bulk Dry Specific Gravity of Aggregate, S 2.5250

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

 

 

178



    

P
ro

je
ct

:
M

IX
24

.0
M

IX
 N

U
M

B
ER

N
ot

es
:

S
et

 #
:

M
M

19
M

IX
D

at
e:

f'c
:

De
si

gn
 w

/c
 ra

tio
0.

45
0

1.
25

Fa
ct

or
:

0.
05

D
ES

IG
N

DR
Y

AG
G

AG
G

A
G

G
Fr

ee
Ba

tc
h

DR
Y 

M
ix

DR
Y 

M
ix

Ad
ju

st
ed

Ac
tu

al
IN

FO
Sp

ec
ifi

c
Ab

so
rp

-
D

ry
 U

.W
M

oi
st

ur
e

H2
0

Fr
ee

 
Vo

lu
m

e
1 

cu
 y

d
la

b 
ba

tc
h

la
b 

ba
tc

h
la

b 
ba

tc
h

M
at

er
ia

l
M

in
M

ax
De

si
gn

G
ra

vi
ty

tio
n

0.
62

5
C

on
te

nt
C

on
te

nt
H2

O
(c

.f.
)

W
t. 

(lb
s.

)
W

t. 
(lb

s.
)

W
t. 

(lb
s.

)
W

t. 
(lb

s.
)

En
tra

pp
ed

 A
ir

2.
50

%
0.

67
50

W
at

er
1.

00
0

3.
79

60
23

6.
88

00
10

.9
67

0
13

.0
04

0
13

.0
0

Ce
m

en
tit

io
us

 1
3.

15
2.

67
80

52
6.

40
00

24
.3

70
0

24
.3

70
0

24
.3

7
1.

0 
in

2.
0

   
   

  
6.

0
   

  
4.

34
00

2.
47

70
2.

20
0%

3.
08

   
   

 
-

   
   

   
 

-2
.2

00
%

-0
.1

4
0.

86
20

13
3.

16
30

6.
16

50
6.

16
50

6.
18

3/
4 

in
5.

0
   

   
  

22
.0

   
9.

54
00

2.
47

70
2.

20
0%

6.
78

   
   

 
-

   
   

   
 

-2
.2

00
%

-0
.3

0
1.

89
40

29
2.

71
30

13
.5

52
0

13
.5

52
0

13
.5

5
36

.0
0

1/
2 

in
8.

0
   

   
  

22
.0

   
14

.3
00

0
2.

47
70

2.
20

0%
10

.1
6

   
  

-
   

   
   

 
-2

.2
00

%
-0

.4
5

2.
83

90
43

8.
76

20
20

.3
13

0
20

.3
13

0
20

.3
2

24
.0

0
3/

8 
in

8.
0

   
   

  
22

.0
   

7.
82

00
2.

47
70

2.
20

0%
5.

55
   

   
 

-
   

   
   

 
-2

.2
00

%
-0

.2
4

1.
55

20
23

9.
93

80
11

.1
08

0
11

.1
08

0
11

.1
1

40
.0

0
No

 4
8.

0
   

   
  

22
.0

   
21

.1
20

0
2.

48
80

2.
20

0%
15

.0
7

   
  

-
   

   
   

 
-2

.2
00

%
-0

.6
6

4.
19

30
65

0.
89

50
30

.1
34

0
30

.1
34

0
30

.1
3

2.
53

80
No

 8
8.

0
   

   
  

22
.0

   
2.

88
00

2.
48

80
2.

20
0%

2.
05

   
   

 
-

   
   

   
 

-2
.2

00
%

-0
.0

9
0.

57
20

88
.7

58
0

4.
10

90
4.

10
90

4.
11

1.
42

00
No

 1
6

8.
0

   
   

  
18

.0
   

3.
86

00
2.

62
80

0.
26

0%
2.

91
   

   
 

-
   

   
   

 
-0

.2
60

%
-0

.0
2

0.
76

60
12

5.
65

50
5.

81
70

5.
81

70
5.

82
No

 3
0

8.
0

   
   

  
15

.0
   

9.
20

00
2.

62
80

0.
26

0%
6.

93
   

   
 

-
   

   
   

 
-0

.2
60

%
-0

.0
4

1.
82

60
29

9.
48

90
13

.8
65

0
13

.8
65

0
13

.8
7

7.
2

in
ch

es
No

 5
0

5.
0

   
   

  
18

.0
   

21
.1

60
0

2.
62

80
0.

26
0%

15
.9

4
   

  
-

   
   

   
 

-0
.2

60
%

-0
.0

8
4.

20
00

68
8.

82
40

31
.8

90
0

31
.8

90
0

31
.8

9
1.

75
in

ch
es

No
 1

00
-

   
   

   
6.

0
   

  
5.

70
00

2.
62

80
0.

26
0%

4.
30

   
   

 
-

   
   

   
 

-0
.2

60
%

-0
.0

2
1.

13
20

18
5.

55
30

8.
59

00
8.

59
00

8.
59

6.
25

in
ch

es

Pa
n

-
   

   
   

2.
0

   
  

0.
09

00
2.

53
80

1.
42

0%
0.

07
   

   
 

-
   

   
   

 
-1

.4
20

%
0.

00
0.

01
80

2.
82

90
0.

13
10

0.
13

10
0.

13
13

.0
0

in
ch

es

To
ta

l G
ra

d%
10

0.
0

   
  

72
.8

4
-2

.0
4

27
.0

03
0

39
09

.8
59

0
18

1.
01

10
18

3.
04

80
18

3.
07

00
14

.2
5

in
ch

es
Fi

ne
ne

ss
 M

od
0.

81

Q
23

.0
72

.0
36

.0
AG

E
ps

i
Av

g.
 p

si
I

16
.0

44
.0

24
.0

D
at

e
4x

8 
CY

LI
ND

ER
S

W
21

.0
59

.0
40

.0
1

24
00

CF
 A

ct
ua

l
52

.4
69

.6
60

.0
1

22
90

W
F 

Ac
tu

al
40

.0
7

41
10

AW
F

23
.0

49
.0

39
.0

1
   

  
7

40
70

14
41

90
14

42
20

28
48

30
28

45
60

28
50

40
56

54
20

56
59

70

 

Ba
tc

h 
Ti

m
e

4.
00

14
8.

51
0.

45
0

S
am

pl
e 

Ti
m

e
5.

40
14

4.
80

0.
45

0
Ai

r 
Te

m
p.

41
.6

2.
50

14
4.

79
M

ix
 T

em
p.

0.
25

0
1.

26
0.

71
R

ev
ie

w
ed

 b
y:

S
lu

m
p,

 in
.

23
.7

0
1.

01
5.

60

8/
3/

20
10

4,
00

0 
ps

i
S

iz
e(

c.
f.)

:
Pa

n 
Bl

en
d 

= 
0.

05
, 0

.0
3,

 0
.0

5
%

 R
et

ai
ne

d
M

DO
T

B
ur

ns
 C

oo
le

y 
D

en
ni

s,
 In

c 
- S

ta
te

 S
tu

dy
 N

o.
 2

31
C

om
m

en
ts

 / 
N

ot
es

 / 
O

bs
er

va
tio

ns
C

us
to

m
er

:
M

D
O

T
09

05
94

M
ix

 2
4 

- M
an

uf
ac

tu
re

d 
Bl

en
d;

 6
0/

40
M

M
19

O
pt

im
iz

in
g 

M
S

 A
gg

re
ga

te
s 

fo
r C

on
cr

et
e 

B
rid

ge
 D

ec
ks

W
or

ka
bi

lit
y 

M
ea

su
re

m
en

ts
W

or
ka

bi
lit

y 
In

de
x

Pr
e 

Vi
b 

Sl
um

p
Po

st
 V

ib
.S

lu
m

p
Sp

re
ad

 L
en

gt
h

Sp
re

ad
 W

id
th

M
ix

 P
er

ce
nt

 b
y 

W
ei

gh
t

N
o.

 5
7

No
. 8

S
an

d
C

om
bi

ne
d 

G
ra

vi
ty

 D
ry

Co
m

bi
ne

d 
Ab

so
rp

tio
n

08
/3

1/
10

48
10

09
/2

8/
10

56
95

Te
ch

ni
ci

an
 w

ho
 

co
nd

uc
te

d 
te

st
s:

P
la

st
ic

 T
es

t R
es

ul
ts

St
re

ng
th

 T
es

t R
es

ul
ts

08
/0

4/
10

23
45

08
/1

0/
10

40
90

08
/1

7/
10

42
05

76
.7

B
uc

ke
t F

ul
l

Th
eo

re
ct

ia
l A

ir
D

es
ig

n 
U

ni
t W

t
75

.0
B

uc
ke

t V
ol

um
e

Y
ie

ld
Fi

ne
/C

oa
rs

e

12
:3

0 
P

M
%

 A
ir

U
ni

t W
t w

/o
 A

ir
D

es
ig

n 
w

/c
12

:3
9 

P
M

B
uc

ke
t W

ei
gh

t
U

ni
t W

t (
pc

f)
A

ct
ua

l w
/c

2.
50

P
as

te
 V

ol
um

e 
(%

)
R

el
at

ive
 Y

ie
ld

B
ag

 F
ac

to
r

R
ob

er
t V

ar
ne

r, 
P

.E
.  

   
8/

4/
20

10

 -

 5
.0

 1
0.

0

 1
5.

0

 2
0.

0

 2
5.

0

1.
0 

in
3/

4 
in

1/
2 

in
3/

8 
in

N
o 

4
N

o 
8

N
o 

16
N

o 
30

N
o 

50
N

o 
10

0
P

an

Percent Retained

Si
ev

e 
Si

ze
s

Co
m

bi
ne

d 
G

ra
da

tio
n

M
in

im
um

M
ax

im
um

D
es

ig
n 

G
ra

da
tio

n

60
.0

, 
40

.0

2025303540455055

0
10

20
30

40
50

60
70

80
90

10
0

Workability Factor (%)

Co
ar

se
ne

ss
 F

ac
to

r (
%

)

D
es

ig
n 

-
M

od
ifi

ed
 C

oa
rs

en
es

s 
Fa

ct
or

 C
ha

rt

 

179



    

B
C

D
 J

O
B

 N
O

.
09

05
94

Sp
ec

im
en

Le
ng

th
 o

f 
St

an
da

rd
 

B
ar

 
D

is
ta

nc
e 

B
et

w
. 

St
ud

s 
(0

.0
00

1 
in

.)

Le
ng

th
  

St
ud

 1
 

(0
.0

00
1 

in
ch

es
)

Le
ng

th
 

St
ud

 2
 

(0
.0

00
1 

in
ch

es
)

M
ea

su
re

d 
Le

ng
th

 o
f 

Sp
ec

im
en

C
om

bi
ne

d 
St

ud
 

Le
ng

th

N
et

 
D

is
ta

nc
e 

be
tw

 
St

ud
s

1
10

.0
00

0
0.

81
25

0.
81

40
11

.6
09

50
1.

62
65

9.
98

30
M

ix
 N

um
be

r
M

ix
 2

4.
0

2
10

.0
00

0
0.

81
40

0.
81

30
11

.6
25

15
1.

62
70

9.
99

82
M

ix
 D

at
e

Tu
es

da
y,

 A
ug

us
t 0

3,
 2

01
0

M
ix

 T
im

e:
12

:3
0 

P
M

3
10

.0
00

0
0.

81
50

0.
81

25
11

.6
24

65
1.

62
75

9.
99

72

G
ag

e 
Le

ng
th

 (i
n.

)

10
Sp

ec
im

en
 

1
R

ef
er

en
ce

 
B

ar
 1

Δ
 L

en
gt

h 
1

Sp
ec

im
en

 
2

R
ef

er
en

ce
 

B
ar

 2
Δ

 L
en

gt
h 

2
Sp

ec
im

en
 

3
R

ef
er

en
ce

 
B

ar
 3

Δ
 L

en
gt

h 
3

Av
er

ag
e

Sp
ec

im
en

 A
ge

Te
st

 d
at

e
(.0

00
1 

in
.)

(.0
00

1 
in

.)
In

ch
es

(.0
00

1 
in

.)
(.0

00
1 

in
.)

In
ch

es
(.0

00
1 

in
.)

(.0
00

1 
in

.)
In

ch
es

In
ch

es
1

W
ed

ne
sd

ay
, A

ug
us

t 0
4,

 2
01

0
0.

08
34

0.
10

03
-0

.0
16

9
0.

10
03

0.
10

03
0.

00
00

0.
10

04
0.

10
03

0.
00

01
-0

.0
05

6
M

/R
m

Sp
ec

im
en

 
1

R
ef

er
en

ce
 

B
ar

 1
Δ

 L
en

gt
h 

1
Sp

ec
im

en
 

2
R

ef
er

en
ce

 
B

ar
 2

Δ
 L

en
gt

h 
2

Sp
ec

im
en

 
3

R
ef

er
en

ce
 

B
ar

 3
Δ

 L
en

gt
h 

3
Av

er
ag

e
(.0

00
1 

in
.)

(.0
00

1 
in

.)
(0

.0
00

1%
)

(.0
00

1 
in

.)
(.0

00
1 

in
.)

(0
.0

00
1%

)
(.0

00
1 

in
.)

(.0
00

1 
in

.)
(0

.0
00

1%
)

(.0
00

1%
)

28
Tu

es
da

y,
 A

ug
us

t 3
1,

 2
01

0
0.

08
45

0.
10

04
0.

01
00

0.
10

13
0.

10
04

0.
00

90
0.

10
13

0.
10

04
0.

00
80

0.
00

90
32

S
at

ur
da

y,
 S

ep
te

m
be

r 0
4,

 2
01

0
0.

08
37

0.
10

03
0.

00
30

0.
10

04
0.

10
04

0.
00

00
0.

10
08

0.
10

04
0.

00
30

0.
00

20
35

Tu
es

da
y,

 S
ep

te
m

be
r 0

7,
 2

01
0

0.
08

31
0.

09
99

0.
00

10
0.

09
98

0.
09

99
-0

.0
01

0
0.

10
01

0.
09

99
0.

00
10

0.
00

03
42

Tu
es

da
y,

 S
ep

te
m

be
r 1

4,
 2

01
0

0.
08

26
0.

09
99

-0
.0

04
0

0.
09

93
0.

09
99

-0
.0

06
0

0.
09

94
0.

09
99

-0
.0

06
0

-0
.0

05
3

56
Tu

es
da

y,
 S

ep
te

m
be

r 2
8,

 2
01

0
0.

08
19

0.
09

97
-0

.0
09

0
0.

09
86

0.
09

97
-0

.0
11

0
0.

09
88

0.
09

97
-0

.0
10

0
-0

.0
10

0
84

Tu
es

da
y,

 O
ct

ob
er

 2
6,

 2
01

0
0.

08
21

0.
10

08
-0

.0
18

0
0.

09
91

0.
10

08
-0

.0
17

0
0.

09
89

0.
10

08
-0

.0
20

0
-0

.0
18

3
14

0
Tu

es
da

y,
 D

ec
em

be
r 2

1,
 2

01
0

0.
08

11
0.

10
05

-0
.0

25
0

0.
09

81
0.

10
05

-0
.0

24
0

0.
09

81
0.

10
05

-0
.0

25
0

-0
.0

24
7

25
2

Tu
es

da
y,

 A
pr

il 1
2,

 2
01

1
0.

08
07

0.
10

03
-0

.0
27

0
0.

09
79

0.
10

03
-0

.0
24

0
0.

09
75

0.
10

03
-0

.0
29

0
-0

.0
26

7
47

6
Tu

es
da

y,
 N

ov
em

be
r 2

2,
 2

01
1

0.
08

09
0.

10
08

-0
.0

30
0

0.
09

82
0.

10
08

-0
.0

26
0

0.
09

78
0.

10
08

-0
.0

31
0

-0
.0

29
0

N
ot

e:
 L

ow
es

t R
ea

di
ng

 V
al

ue
 R

ec
or

de
d.

R
ev

ie
w

ed
 B

y:
D

at
e:

8/
9/

20
12

S
ta

te
 S

tu
dy

 2
31

 - 
A

S
TM

 C
 1

57
 S

hr
in

ka
ge

 T
es

tin
g

27
8 

C
O

M
M

ER
C

E 
PA

R
K

 D
R

IV
E

B
U

S:
 (6

01
) 8

56
-2

33
2

R
ID

G
EL

AN
D

, M
S 

39
15

7
FA

X:
 (6

01
) 8

56
-3

55
2

M
ea

su
re

m
en

ts
 R

eq
ui

re
d 

B
ef

or
e 

M
ak

in
g 

Sp
ec

im
en

s

B
UR

NS
 C

O
O

LE
Y 

D
EN

NI
S,

 IN
C

.
G

EO
TE

C
HN

IC
AL

 &
 M

AT
ER

IA
LS

 C
O

NS
UL

TA
NT

S

Soak Shrinkage Room

SH
RI

NK
AG

E 
TE

ST
IN

G
 - 

AS
TM

 C
15

7
IN

IT
IA

L 
RE

AD
IN

G
S

LE
NG

TH
 C

HA
NG

E 
C

AL
C

UL
AT

IO
NS

R
ob

er
t V

ar
ne

r, 
P

.E
.

180



 

 

 

Project: 090594 Date: 08/03/10

Material: Mix 24.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.74 79.33

124.930 126.110

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 20.6

Robert Varner, P.E.     8/4/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 125.520

Bulk Dry Specific Gravity of Aggregate, S 2.5380

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 08/04/10

Material: Mix 25.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

77.85 77.06

123.150 121.560

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 22.2

Robert Varner, P.E.     8/4/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 122.360

Bulk Dry Specific Gravity of Aggregate, S 2.5240

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 08/04/10

Material: Mix 26.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

79.61 79.32

126.670 126.090

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 19.8

Robert Varner, P.E.     8/4/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 126.380

Bulk Dry Specific Gravity of Aggregate, S 2.5290

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 08/05/10

Material: Mix 27.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.84 78.65

125.130 124.750

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 21.2

Robert Varner, P.E.     8/11/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 124.940

Bulk Dry Specific Gravity of Aggregate, S 2.5450

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 08/09/10

Material: Mix 28.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.69 79.51

124.830 126.470

Reviewed By:

BURNS COOLEY DENNIS, INC.
State Study No. 231

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

Void Content, % = 100[(S*W)-M]/(S*W) 20.0

Robert Varner, P.E.     8/11/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 125.650

Bulk Dry Specific Gravity of Aggregate, S 2.5210

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3
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Project: 090594 Date: 08/11/10

Material: Mix 29.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.71 79.26

124.870 125.970

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 20.3

Robert Varner     8/11/2010

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 125.420

Bulk Dry Specific Gravity of Aggregate, S 2.5250

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Project: 090594 Date: 08/11/10

Material: Mix 30.0 Technician: SB

1 2

0.499 0.499

16.40 16.40

78.49 78.81

124.430 125.070

Reviewed By:

Void Content, % = 100[(S*W)-M]/(S*W) 21.0

Robert Varner, P.E.     8/11/10

Void Content

Average unit weight, Mavg, lb/ft3 (kg/m3) 124.750

Bulk Dry Specific Gravity of Aggregate, S 2.5340

Density of Water, (62.3 lb/ft3) (998 kg/m3) 62.3

Unit Weight

Sample Number:

Calibrated volume of measure, V, ft3 (m3)

Tare weight of measure, T, lb (kg)

Mass of aggregate plus measure, G, lb (kg)

Unit weight of aggregate, M,  lb/ft3 (kg/m3)        
M=(G-T)/V

Optimizing MS Aggregates for Concrete Bridge Decks

Determining Unit Weight and Voids in Aggregate (AASHTO T 19)

BURNS COOLEY DENNIS, INC.
State Study No. 231
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Appendix C 
Photographs of Mixes: 
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Mix 1.0
Mix 1.0

3.25 3.75
2.75 6.25

24.01 14.5
146.2 13.5
0.45 6.5
0.50 64.5

526.4 33.1
AWF 32.1

CF
WF

WI
Spread Width

Spread LengthPaste Volume
Unit Wt (pcf)

Actual w/c
W/(Q+I)

Cement Content

Plastic Properties

Slump, in.
% Air Post-Vib Slump

Pre-Vib Slump

201



Mix 2.0
Mix 2.0

3.25 3.75
3 6.25

23.82 14.5
145.2 13.5
0.45 6.5
0.59 61.0

526.4 36.0
AWF 35.0

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

202



Mix 3.0
Mix 3.0

3.25 2.25
3 4.75

23.87 14
145.6 10.75
0.45 5.0
0.56 59.0

526.4 35.8
AWF 34.8

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

203



Mix 4.0
Mix 4.0

3.5 2.0
3.25 5.0

23.71 13
144.6 12.75
0.45 5.7
0.59 58.9

526.4 35.7
AWF 34.7

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

204



Mix 5.0
Mix 5.0

3 4.0
1.75 5.75

24.15 12
146.8 12.25
0.45 4.5
0.31 39.2

526.4 23.5
AWF 22.5

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

205



Mix 6.0
Mix 6.0

3 2.75
5.75 6.5

25.94 15.25
143.6 15
0.45 8.1
0.85 40.7

578.1 46.1
AWF 46.5

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

206



Mix 7.0
Mix 7.0

2.5 2.25
2 4.5

22.22 11
147.8 11
0.45 3.8
0.45 80.0

484.1 30.0
AWF 27.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

207



Mix 8.0
Mix 8.0

2.75 2.25
3.25 4.75

26.31 12.25
145.4 10.5
0.45 4.2
0.90 80.0

578.1 46.1
AWF 46.5

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

208



Mix 9.0
Mix 9.0

3.5 3.0
1.5 6.5

24.28 13
147.2 13.25
0.452 6.2
0.31 58.2

526.4 23.4
AWF 22.4

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

209



Mix 10.0
Mix 10.0

3.25 3.25
3.75 8.75

25.46 17
144.4 15
0.45 9.7
0.71 58.2
564 41.5

AWF 41.5

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

210



Mix 11.0
Mix 11.0

2.75 2.25
2.5 5.5

22.01 12.5
146.6 12.25
0.45 5.5
0.57 85.0

484.1 35.0
AWF 32.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

211



Mix 12.0
Mix 12.0

2.5 1.75
3 5.5

23.88 13.25
145.8 13
0.45 6.4
0.59 36.3

526.4 37.1
AWF 36.1

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

212



Mix 13.0
Mix 13.0

2.5 2.0
3.25 5.5

22.02 12.5
146.8 13
0.45 5.9
0.57 72.5

484.1 35.0
AWF 32.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

213



Mix 14.0
Mix 14.0

2.5 2.0
4.25 5.0

23.69 10.75
144.68 10.125

0.45 3.9
0.71 70.0

526.4 40.0
AWF 39.0

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

214



Mix 15.0
Mix 15.0

2.75 2.50
4 8.25

23.58 14.875
144.08 13.625

0.45 8.5
0.71 50.0

526.4 40.0
AWF 39.0

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

215



Mix 16.0
Mix 16.0

3.25 2.0
2.5 5.0

22.06 12.5
146.8 12
0.45 5.2
0.45 70.0

484.1 30.0
AWF 27.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

216



Mix 17.0
Mix 17.0

3 2.25
3 6.5

22.08 13.75
147 12.25

0.45 6.6
0.45 50.0

484.1 30.0
AWF 27.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

217



Mix 18.0
Mix 18.0

3.5 2.50
3 7.25

23.9 15.25
145.8 14.5
0.45 8.4
0.57 47.5

526.4 35.0
AWF 34.0

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

218



Mix 19.0
Mix 19.0

3 3.25
1.75 7.0

22.27 13.5
148 13.5

0.45 6.7
0.35 70.0

484.1 25.0
AWF 22.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

219



Mix 20.0
Mix 20.0

2.75 2.0
2.25 4.75

22.17 11.75
147.4 11
0.45 4.4
0.35 50.0

484.1 25.0
AWF 22.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

220



Mix 21.0
Mix 21.0

3 2.75
3.5 7.5

23.79 13.375
145.8 14.375
0.45 7.6
0.71 80.0

526.4 40.0
AWF 39.0

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

221



Mix 22.0
Mix 22.0

2.75 2.25
4 7.50

23.6 14.25
144.2 13.875
0.45 8.0
0.71 40.0

526.4 40.0
AWF 39.0

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

222



Mix 23.0
Mix 23.0

3 2.75
2.5 6.5

23.32 14.25
146.2 14.25
0.45 7.3
0.45 40.0

512.3 30.0
AWF 28.6

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

223



Mix 24.0
Mix 24.0

2.5 1.75
4 6.25

23.7 13
144.8 14.25
0.45 7.2
0.71 60.0

526.4 40.0
AWF 39.0

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

224



Mix 25.0
Mix 25.0

2.5 1.75
2.25 4.50

22 12
146.4 11.5
0.45 4.7
0.45 60.0

484.1 30.0
AWF 27.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

225



Mix 26.0
Mix 26.0

2.75 2.00
3 5.50

21.88 13
145.8 13.25
0.45 6.2
0.57 90.0

484.1 35.0
AWF 32.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

226



Mix 27.0
Mix 27.0

3 2.0
3.5 7.5

26.07 14.5
144.2 14.5
0.45 8.5
0.87 60.0

578.1 45.0
AWF 45.4

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

227



Mix 28.0
Mix 28.0

3.25 4.0
2.25 7.0

22.19 12.25
147.6 12.25
0.45 5.2
0.45 90.0

484.1 30.0
AWF 27.9

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

228



Mix 29.0
Mix 29.0

4.5 4.0
2.5 8.75

24.05 15.25
146.4 15.5
0.45 8.8
0.52 64.5

526.4 33.1
AWF 32.1

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

229



Mix 30.0
Mix 30.0

5.5 4.25
2.75 7.75

24.66 15.5
146.4 15.5
0.473 8.3
0.56 59.0

526.4 35.8
AWF 34.8

Plastic Properties

Slump, in. Pre-Vib Slump
% Air Post-Vib Slump

Paste Volume Spread Length

Cement Content WF

Unit Wt (pcf) Spread Width
Actual w/c WI

W/(Q+I) CF

230




